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Abstract
An analysis of the effects of the Land Use Land Cover (LULC) change and its impacts on
the hydrological cycle of tropical montane catchments influenced by cloud forest
(TMCF) is developed in Central Veracruz, Mexico. This work started with the analysis of
data from monitored-micro-catchments with contrasting LULC. Later the suitability of an
improved version of the Soil and Water Assessment Tool model for the Tropics (SWATT) was evaluated. Finally, potential future land use scenarios, including conservation
targeting alternatives were evaluated using a calibrated Seasonal Water Yield model as
part of the Integrated Valuation of Ecosystem Services and Tradeoffs framework
(InVEST-SWY).
High-resolution rainfall and streamflow timeseries suggested no statistical difference in
the regulation capacity of high flows in 20 years of natural regeneration, compared to the
mature forest. In terms of baseflow sustenance, the mature forest and intermediate age
forest better promote this hydrologic service than the other land uses. Shade coffee
exhibited a high capacity to modulate peak flows comparable to that of mature forest, and
an intermediate capacity to sustain baseflow. Finally, forty years of intense pasture
management caused a fivefold greater peak flow response and a lower baseflow
compared to mature forest.
SWAT-T accurately simulated the observed low fraction of surface runoff. However, it
incorrectly predicted the dominance of lateral flow, instead of the deep groundwater flow
observed from isotope-based studies. Moreover, SWAT-T underestimated the influence
of rainfall interception losses in forests. The temperature-based potential
evapotranspiration methods produced the best model fit (KGE = 0.75, NSE = 0.54,
PBIAS = 4.6%), but overestimated the PET in land covers with lower rainfall
interception. Finally, the model largely overestimates the low flow in managed land
covers, while underestimating it in forests.
The InVEST-SWY model predicted that forest conservation policy will produce a slight
decrease in the annual water yield at catchment scale due to larger evapotranspiration
rates observed in forests. However, the model was unable to mimic the effects of forest
conservation on dry-season baseflow. InVEST-SWY exhibited a poor performance at
interannual scale and needs improvements to incorporate the water storage capacity of the
soils.

xiii

1 Introduction
Forests provide valuable contributions to people but continue to be threatened by land use
change. Payments for watershed services or payments for hydrological services (PHS)
programs are increasingly popular water management alternatives to improve the
provisioning of ecosystem services such as water supplies (Brouwer et al., 2011). However,
Inadequate targeting and the lack of measurement and modeling of the changes in
hydrological services constitute two key obstacles that may considerably hamper PHS
success (Wunder et al., 2020).
The central Veracruz zone is one of the pioneer areas adopting PHS programs in Latin
America; this program started in 2003 as part of the National PHS program adopted by
Mexico (Muñoz-Piña et al., 2008). Our work is centered on the Gavilanes and Pixquiac
catchments. The Gavilanes catchment (area = 41 km2) is the main source of water for the
city of Coatepec, Veracruz, Mexico (García et al., 2004). The Pixquiac catchment (area =
106 km2) provides 38% of the water supply for the Veracruz state capital of Xalapa (Paré
and Gerez, 2012). The two catchments comprise part of the Antigua River basin (area =
1,565 km2). Today areas receiving PHS payments cover 27% of the surface of the two
studied catchments. These payments are aimed at increasing dry season baseflow.
A variety of tools have been developed or enhanced for assessing the hydrological
services and more guidance is needed regarding the applicability of such tools in tropical
environments (Vigerstol and Aukema, 2011). Two of the most prominent tools for the
evaluation of seasonal water supply are: a) the SWAT model, which represents traditional
and complex hydrologic tools, and, b) the InVEST-SWY model, that represents newer
and parsimonious ecosystem services tools. Both models required similar spatial inputs:
topography, land use, soils. However, SWAT requires daily climate data, while InVESTSWY uses monthly timesteps. Thus, an advantage of the latter is that you can obtain a
quicker assessment of the water budget, but you lose accuracy in the calibration of
hydrological processes. Nonetheless, in the literature both models have been rated as
capable to realistically represent seasonal water supply and consistently predict spatial
distribution of baseflow (i.e., Hamel et al.,2020, and Willemen et al., 2019). More work
is needed in the evaluation of the strengths and limitations of these models in monitored
catchments.
In these areas, several field studies have shed light regarding the hydrologic functioning
of contrasting land covers: including measurements of rainfall interception (i.e.,
Holwerda et al., 2010, Holwerda et al., 2013, González-Martínez, and Holwerda, 2018),
monitoring of headwater micro-catchments (Muñoz-Villers et al., 2013), mean transit
times estimates using stable isotopes (Muñoz-Villers et al., 2016), among others.
However, most studies were reported at the upper band (>2100 m a.s.l.) or lower bands of
the cloud forest belt (< 1300 m a.s.l.). Moreover, local hydrological modeling efforts and
program evaluations have relied on secondary datasets (i.e., Mokondo et al., 2018,
Asbjornsen et al., 2017). Two main knowledge gaps were identified. First, a need to
better understand the land use effects of forest and managed land covers at the mid1

elevation band (1200-2100 m a.s.l.). Second, scale-up and integrate lessons learned
across multiple spatial and temporal scales. We primarily contributed to better understand
headwater catchment functioning through monitoring. Further, we combined innovating
modeling methodologies to scale up experimentally derived results using two popular
tools to evaluate environmental services: SWAT and InVEST-SWY models. Below is a
detailed description of the steps we took.

1.1 Chapter 2
Chapter 2 presents the results of a study conducted in five neighboring headwater microcatchments located in the TMCF region of Veracruz, Mexico. The research questions
addressed by the hydrologic measurements and analysis were: (a) how does age of forest
recovery affect streamflow?; (b) what are the effects of TMCF conversion to shaded
coffee on streamflow?; and, (c) what are the effects of TMCF conversion to intense
pasture management on streamflow? The hydroclimatic data were acquired over a fouryear period by recording high-resolution rainfall and streamflow measurements (10 min)
(2015-2019). To analyze the data and compare between micro-catchments and associated
dominant land uses, we used a series of hydrologic indices related to streamflow
variability at daily and storm-event scales. At the storm-event scale we used statistical
analysis, including the non-parametric Dunn’s test and the Analysis of Covariance
(ANCOVA), to assess whether responses between micro-catchments were statistically
different.

1.2 Chapter 3
Chapter 3 evaluates the suitability of the SWAT-T model to simulate discharge in a
catchment dominated by tropical montane cloud forest (TMCF) located in Central
Veracruz, Mexico. We hypothesize that by contrasting calibrated SWAT-T models
against local hydrologic and vegetation observations (e.g. streamflow and leaf area index)
and ecohydrological parameters, such as canopy storage capacities of different vegetation
covers, we can identify model weaknesses and strengths for analyzing the hydrological
consequences of land use change in these environments. Specifically, (a) we evaluate the
performance of three PET methods in the SWAT-T model and (b) assess the accuracy of
the model to simulate streamflow over the full range of the flow duration curve in four
micro-catchments with contrasting land covers (mature and intermediate age TMCF,
shade coffee, and pasture). To the best of our knowledge, this is the first study to apply a
framework based on metrics from across the flow duration curve in the calibration of
SWAT-T, together with the evaluation of the model at micro-catchments with contrasting
land covers in areas influenced by tropical montane cloud forest and managed land
covers.
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1.3 Chapter 4
Chapter 4 presents the modeling results of future ecosystem services outcomes in PHS
programs in watersheds in Veracruz, Mexico. This work evaluates targeting strategies by
combining (a) a calibrated hydrology model (integrating results from local monitoring
across different scales in forested and managed land covers) with (b) a land change model
(LCM) that simulates future land cover patterns in response to PHS program coverage
and targeting strategies. To the best of our knowledge this is the first study to model
rainfall interception in SWY using locally derived parameters for two elevation bands of
TMCF forests. Moreover, this study reviews the InVEST-SWY strengths and weaknesses
to represent interannual quickflow and baseflow dynamics.
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2 Land use change effects on catchment streamflow
response in a humid tropical montane cloud forest
region, central Veracruz, Mexico
2.1

Abstract

Tropical montane cloud forests (TMCF) are recognized for their capacity to maintain
high dry-season baseflow and a host of other ecosystem services. Substantial areas of
TMCF have been converted to pasture and crops such as coffee, while in other areas
TCMF are recovering. However, little is known about the effects of this complex
dynamic on catchment hydrology. We investigated the effect of land use on rainfallrunoff response in five neighboring headwater micro-catchments in central Veracruz,
Mexico, dominated by either mature TMCF (MF), young (20 yr-old) and intermediate
(40 yr-old) naturally regenerating TMCF (YF and IF, respectively), shaded coffee (SC),
and an intensively grazed pasture (IP). We used a 4-year record of high-resolution rainfall
and streamflow (10 min) data, collected from 2015 to 2019. These data were analyzed via
comparison of hydrologic metrics that summarize streamflow responses at various time
scales and magnitudes. Results showed no statistical difference in the regulation capacity
of high flows in the micro-catchment with 20 years of natural regeneration, compared to
the MF. In terms of baseflow sustenance, our results support the hypothesis that MF and
IF better promote this hydrologic service than the other land uses. SC exhibited a high
capacity to modulate peak flows comparable to that of MF, and an intermediate capacity
to sustain baseflow, suggesting that the integrated functioning of this micro-catchment
was largely preserved. Finally, forty years of intense pasture management was found to
have degraded the soil hydraulic properties of IP; mainly, reducing its infiltration
capacity, causing a fivefold greater peak flow response and a lower baseflow compared to
MF.

2.2 Introduction
Understanding the impact of land use change on hydrology remains a major global
research issue and it is fundamental to the effective management of water resources
(Evaristo & McDonnell, 2019; Foley et al., 2005). Land use change is not linear, nor does
it follow a unique direction. Across the world, large areas are losing forest, but forest
regeneration is occurring elsewhere. (Bjørn, 2001; Paré & Gerez, 2012). In the tropics,
particularly in developing countries, deforestation is still a prominent environmental
problem (Wolfersberger et al., 2015). In these areas, conversion from forests to pastures
for cattle raising or to cash crop agriculture are common land-use change activities, along
with urbanization (ICO, 2010; Navarrete, 2016; Richardson & Peres, 2016). However,
urbanization has also caused mass migration to urban centers and abandonment of rural
livelihoods (Paré and Gerez, 2012), leaving lands in a regeneration process. Little is
known about the effects that this complex land use change dynamic has on the hydrologic
cycle. In particular, the effect of regeneration of forest and agroforestry systems, such as
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shaded coffee cultivation, remain poorly understood (Evaristo & McDonnell, 2019;
Muñoz-Villers et al., in review).
A significant gap persists in our understanding of the impacts of conversion of the
tropical montane cloud forest (TMCF) on seasonal hydrologic variability, particularly for
low and high flow regimes (Brown et al., 2005; Bruijnzeel, 2004). Apart from being
among the world’s most valuable terrestrial ecosystems in terms of species richness and
levels of endemism (Bruijnzeel et al., 2011; Martínez et al., 2009), TMCFs are
recognized for their marked capacity to capture, store, and purify fresh water that benefit
millions of people downstream across the tropics (Sáenz & Mulligan, 2013). Despite their
importance, by the year 2000, between 45% and 55% of TMCFs worldwide were
converted to other land uses (Bruijnzeel et al., 2011; Scatena et al., 2010). Approximately
15% of TMCF sites listed by WCMC-UNEP as having confirmed cloud forest presence
(Aldrich et al., 1997) occur in andosols (FAO-UNESCO, 2007). Volcanic soils are
recognized not only for having a high-water storage capacity (Nanzyo, 2002), but also for
being fragile and particularly difficult to restore (Meza-Pérez & Geissert-Kientz, 2006).
It’s unclear how land use activities such as cultivation of crops or cattle grazing affect the
hydrologic functions of these environments and the implications for downstream
communities (Bruijnzeel et al., 2011; Sáenz et al., 2014; Toledo-Aceves et al., 2011).
Thus, under an anticipated future world with increasing water stress (IPCC, 2018),
TMCFs, and particularly those located in volcanic regions, represent a high conservation
priority.
Another major gap in our knowledge of TMCFs is the degree to which restoration of
hydrologic functions occurs from forest regeneration after disturbance (Bruijnzeel, 2004;
Bruijnzeel et al., 2011). A slow return to pre-disturbance hydrology may be expected in
TMCFs, since these environments have slower vegetative growth rates due to reduced
radiation from clouds (Bruijnzeel et al., 2011; Fahey et al., 2015). In central Veracruz,
Mexico, Muñoz-Villers and McDonnell (2013) reported that 20 years of natural
regeneration may be enough to largely restore the original hydrologic conditions of local
TMCF. However, uncertainty remains on whether the time required to restore hydrologic
functions depend on land use history (Muñoz-Villers & McDonnell, 2013). Further
information on the hydrologic functioning of both naturally regenerating forests and
shade coffee is relevant for informing Payments for Ecosystem Services (PES) Programs,
since PES programs often promote these landcovers, with the assumption that they
provide hydrologic benefits compared to those of mature forests (Marin-Castro et al.,
2016; Saenz et al., 2014). Hydrological Services (HS) are part of the PES schemes that
encompass benefits such as water supply and the mitigation of flood damage. HS are
commonly defined by hydrologic attributes such as quantity and timing of flow (Brauman
et al., 2007). Water supply services are often linked with baseflow metrics, while peak
flow is regularly associated with flood mitigation.
Another critical area of tropical land use change research is understanding of the
hydrologic effects of TMCF conversion to perennial crops, such as shade coffee
plantations. Coffee is an important cash crop, providing income to about 26 million
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people in approximately 50 coffee producing countries, mainly located on humid tropical
mountains (ICO, 2010). In addition, shade coffee has been valued not only for conserving
a large part of the biological diversity of the TMCF (De Beenhouwer et al., 2013), but
also for the wide variety of environmental services they provide, including pollination,
soil stability, pest regulation (De Beenhouwer et al., 2013), high carbon sequestration
compared to annual crops (Lewis et al., 2019), and a higher soil hydraulic conductivity
compared to intensively grazed pasture (Muñoz-Villers & McDonnell, 2013; Tobón et
al., 2010). However, when shade coffee plantations have been compared with natural and
restored native forests, they have exhibited reduced carbon sequestration (Lewis, et al.,
2019), lower soil hydraulic conductivity values, and lower stream water quality (MarínCastro et al., 2016; Martinez et al., 2009; Pérez-Pérez & Muñoz-Villers, 2016).
Finally, there is substantial evidence that forest conversion to pasture is associated with
an increase in annual streamflow totals because of the lower evapotranspiration of the
replacement vegetation (Bruijnzeel, 2004; Muñoz-Villers & McDonnell, 2013; Ogden,
2013). In contrast, this conversion has been shown to result in strong declines in dry
season flows, as pastures show much lower rainfall infiltration, mainly due to soil
compaction, which leads to insufficient replenishment of groundwater reserves during
rainy seasons (Bruijnzeel, 2004; Muñoz-Villers et al., 2015). Moreover, reduced rainfall
infiltration can result in higher and more rapid peak flows, which may exacerbate flash
flooding (Bonell & Bruijnzeel, 2005).
A common approach used to understand land use effects on runoff generation is to
compare the hydrology of neighboring micro-catchments with different land covers but
similar size, topography, soils, geology and climate (Muñoz-Villers et al., 2012; Muñoz
& McDonnell, 2013; Ogden, 2013). We followed this approach to create our
experimental design to assess the hydrologic impacts of TMCF conversion and natural
regeneration, in combination with rainfall and runoff indices, and associated statistical
tests. This study uses daily and event streamflow measurements to investigate differences
in hydrologic functioning between headwater micro-catchments dominated by mature
TMCFs, regenerating forests, pastures, and shade coffee plantations in a region
dominated by volcanically-derived soils. Two particularly novel aspects of our work are
that (1) it assesses whether replacing land covers (such as shade coffee plantations) can
offer comparable hydrologic services to those of mature TMCFs and (2) it considers the
timeframes needed for naturally regenerating TMCFs to approximate the hydrologic
regulatory capacity of mature TMCFs.
This paper presents the results of a study conducted in five neighboring headwater microcatchments located in the TMCF region of Veracruz, Mexico. The research questions
addressed by the hydrologic measurements and analysis were: (a) how does age of forest
recovery affect streamflow?; (b) what are the effects of TMCF conversion to shaded
coffee on streamflow?; and, (c) what are the effects of TMCF conversion to intense
pasture management on streamflow? The hydroclimatic data were acquired over a fouryear period by recording high-resolution rainfall and streamflow measurements (10 min)
(2015-2019). To analyze the data and compare between micro-catchments and associated
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dominant land uses, we used a series of hydrologic indices related to streamflow
variability at daily and storm-event scales. At the storm-event scale we used statistical
analysis, including the non-parametric Dunn’s test and the Analysis of Covariance
(ANCOVA), to assess whether responses between micro-catchments were statistically
different.

2.3 Methodology
2.3.1 Study site
The research was carried out in five headwater micro-catchments (0.137 – 0.446 km2)
located between 1241 m a.s.l. and 1713 m a.s.l. in the TMCF zone in central Veracruz,
Mexico (Figure 2-1). A detailed description of the characteristics of each microcatchment is provided in Table 2-1. The micro-catchments are drained by first or secondorder perennial streams and are located within the catchments of the Pixquiac and
Gavilanes rivers (106 and 42 km2, respectively), which are, in turn, sub-catchments of the
Antigua River basin (1565 km2). The micro-catchments where chosen based on the
dominance of five Land Use Land Cover (LULC) categories of interest within each
micro-catchment: mature forest (MF; 100% of total cover; Table 2-1), intermediate age
secondary forest (IF; 77%), young secondary forest (YF; 68%), shade coffee plantations
(SC; 94%), and high-intensity pasture (IP; 63%). Together these land uses comprise 89%
of LULC in the Pixquiac and Gavilanes sub-watersheds (Von Thaden-Ugalde,
unpublished data). The most important land use change in the last 40 years in the
Pixquiac and Gavilanes catchments is TMCF regeneration. For example, in the Pixquiac
catchment, forest cover increased from 6561 ha in 1975 to 7685 ha by 2004 (Paré &
Gerez, 2012). Recent land use maps have confirmed that the forest cover has remained
constant during the last decade and accounts for around 79 % of the study area
(CONANP et al., 2015).
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Figure 2-1: Location of the study area in central Veracruz, Mexico, and maps of the study
micro-catchments showing land use-land cover distributions and locations of
instrumentation. Sources: (INEGI; 2013). Mature forest (MF), intermediate forest (IF),
young forest (YF), shade coffee (SC), and intensive pasture (IP).
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The MF micro-catchment is dominated by old-growth TMCF (> 50 years old) with low
disturbance; less than 10% of the area is covered by a 15-year-old secondary forest. The
IF site is mainly covered by 40-year-old TMCFs (> 77 % of the area). The remaining
proportion of the IF micro-catchment is pasture land and annual crops (mainly maize)
located in the upper parts. The YF micro-catchment is covered (> 68% of the area) by 20year-old TMCF, with the remaining area of pasture and maize (Von-Thaden U.,
unpublished data). The overstory of these TMCFs is dominated by Quercus spp,
Oreomunnea mexicana, Turpinia insignis, Liquidambar styraxiflua, Carpinus tropicalis,
Clethra macrophylla (Williams-Linera & Vizcaíno-Bravo, 2016, Garcı́a-Franco et al.,
2008), with greater heterogeneity in the IF and YF micro-catchments. The mean tree
height in the three micro-catchments is similar and ranges between 20-25 m, with a few
larger trees reaching more than 30 m in height. The three micro-catchments have similar
mean leaf area index (LAI), see Table 2-1. LAI was measured with a LAI-2200C Plant
Canopy Analyzer (LI-COR, 2019) over a 500 m transect in each of the micro-catchments.
These measurements were taken during the rainy season (July 8 to August 20, 2019) in
the early-morning hours (6:45 to 8:00 am), before the sunset or under cloudy conditions
to avoid scattering effects.
The SC micro-catchment has been covered by shaded coffee for more than 80 years
(Marín-Castro et al., 2016), with 94 % of the land area dominated by this land cover. This
production system retains some trees to provide shade to the coffee. However, coffee
cultivation in the area includes management practices such as removal of the herbaceous
groundcover, pruning, fertilization, and agrochemical applications. The original
vegetation in the IP micro-catchment was TMCF, which was cleared more than 40 years
ago (Paré & Gerez, 2012; and local inhabitants, personal communication). Since then, the
pasture has been heavily grazed by sheep, goats and cows (> 63% of the land area), with
grass height generally less than 5 cm, compaction from livestock is present. In addition,
approximately 10% of IP is covered by cropland (maize and, more recently, potatoes) and
associated shrub-dominated fallows.
The soils in the micro-catchments are classified as Umbric Andosols derived from
volcanic ash, with clay and silty clay as dominant textures (Campos-Cascaredo, 2010;
Paré & Gerez, 2012). Topsoils in all micro-catchments are characterized by low bulk
densities (< 0.7 g cm-3) due to the abundance of noncrystalline materials and organic
matter. In general, soils in TMCFs exhibit lower bulk densities in comparison to pasture
and coffee, revealing less soil compaction (Looker N., unpublished data; Table 2-1). In
addition, soil profiles are generally deep (A + B horizons > 1 m and C + Cr horizons > 10
m on ridges and backslopes) and moderately well developed (Karlsen, 2010) in all microcatchments, favoring good water storage. Moreover, the soils in the region are generally
underlined by andesitic saprolite, with high permeability ranging from 0.05 to 0.08 mm
h−1 (Gabrielli & McDonnell, 2011; Karlsen, 2010; Muñoz-Villers & McDonnell, 2012).
Although we did not measure bedrock hydraulic properties here, we observed the
presence of saturated saprolite on various road cuts in our study sites. Field-saturated
hydraulic conductivities (Kfs) were measured in 2017 at the soil surface (5-15 cm) in
points distributed spatially across the five micro-catchments using the constant head
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Guelph permeameter method (Elrick et al., 1989). The results are presented in Table 2-1
(Looker, unpublished data).
The general climate is classified as humid temperate with abundant rains during the
summer (Koppen classification modified by García, 2004). The mean daily temperature
ranges between 16 to 18 °C, the mean of the maximum daily temperature ranges between
22 and 24 °C, and the mean of the minimum daily temperature is between 12 and 13 °C.
The mean daily relative humidity is between 86 and 90% and the mean annual
precipitation values range from 1500 to 3000 mm (Shinbrot et al., in review.; SMN,
2015; Williams-Linera & Vizcaíno-Bravo, 2016). Approximately 80% of the rainfall falls
as convective storms during the wet season (May–October), when the region is under the
influence of the easterly trade wind flow. During the dry season (November–April),
rainfall is generally associated with cold fronts and characterized by light rains and
drizzle (Holwerda et al., 2010). Annual values of cloud water interception account for
less than 2% of the total rainfall in the region (Holwerda et al., 2010).

Table 2-1: Topographic, land cover and soil physical characteristics of the five study
micro-catchments. Where available, the standard deviation (SD) is provided. Mean Kfs is
the geometric mean because this variable is log normally distributed, whereas for the
other variables the mean is an arithmetic mean. Mature forest (MF), intermediate forest
(IF), young forest (YF), shade coffee (SC), and intensive pasture (IP).
MF

IF

YF

SC

IP

Area (km2) b

0.242

0.224

0.343

0.446

0.137

Surface 3D, (km2) b

0.262

0.233

0.349

0.461

0.143

Mean elevation (m a.s.l.)c

1756

1604

1453

1284

1655

Mean slope (°) b

20 ± 8

14 ± 7

8±5

12 ± 7

12 ±
10

Percent forest or coffee cover c

100%

77%

68%

94%

29%

Percent of pasture and crops cover c

0%

23%

29%

0%

63%

Percent of urban and roads c

0%

0%

3%

6%

8%

125 ±
2.1

127 ±
2.1

95 ±
2.4

48 ±
3.4

26 ± 2

Soil saturated hydraulic conductivity
(Kfs) at 20-cm depth (mm h-1)a
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MF

IF

YF

SC

IP

0.19 ±
0.08

0.31 ±
0.09

0.29 ±
0.15

0.62 ±
0.13

0.37 ±
0.1

Surface soil texture mean percentage
of Clay a

49

42

44

48

41

Surface soil texture mean percentage
of Silt a

40

50

38

41

52

Surface soil texture mean percentage
of Sand a

11

8

18

10

7

Aspect b

E-NE

SW-SE

NE-E

S-SE

NE-E

Leaf area index (LAI) (m2 m-2) d

5.93 ±
0.9

5.96 ±
1.22

5.91 ±
1.31

4.3 ±
1.71

-

Bulk density at 0-5 cm (g cm-3) a

a

Berry et al., in prep.

b

Estimated from INEGI (2013)

c

Land use map distributed by CONANP et al. 2015

d

See text for description of the LAI measurement methods.
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Figure 2-2: Hourly depths of rainfall, P (top y axis; grey bars) and streamflow, Q (bottom
y axis; blue lines), as measured at the five study micro-catchments from Feb 26, 2015 to
Aug 23, 2019. Mature forest (MF), intermediate forest (IF), young forest (YF), shade
coffee (SC), and intensive pasture (IP).
2.3.2 Hydrometeorological measurements
Rainfall was measured with climate stations located in clearings (> 30 m from forest
edge) in each of the five study micro-catchments (Figure 2-1). The stations were
equipped with tipping bucket rain gauges equipped with dataloggers (Campbell Scientific
and Davis), with resolutions between 0.1 mm and 0.2 mm and recording readings every
10 to 15 minutes (Figure 2-2). Streamflow was measured using V-notch weirs at the
micro-catchment outlets (90° angle for the YF, IF, MF, IP and 120° for the SC microcatchment). The 120° angle was used in SC because this micro-catchment has a larger
area and the design peak discharge was larger. Water levels were registered every 1.5 min
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using Solinst water level sensors paired with barometric pressure recorders. Water levels
were converted to streamflow (L s-1) using experimental stage-discharge relationships for
the weirs based on rating curves derived from volumetric and salt dilution measurements
of discharge (ASTM D5242-92, 2013; Moore, 2005).
Rainfall measurements in the five micro-catchments started in February 2015, whereas
discharge data collection began in July 2016. The monitoring of discharge continued only
to July 2018 in the SC and YF. For MF, IF and IP, rainfall and streamflow measurements
continued until August 2019 (Figure 2-2). Damage to the equipment by animals and
problems with access to the sites led to periodic gaps in the streamflow and rainfall data;
on average, these gaps account for around 25% of the period of record, for streamflow
and rainfall.
Since a range of hydrological conditions (e.g. slope) were observed in each microcatchment, standardized metrics and statistics across the land covers were applied (Nainar
et al., 2018; Ochoa-Tocachi et al., 2016). The streamflow data was normalized by the
contributing micro-catchment true areas, rather than planar areas (Figure 2-2), as
suggested by Zhang et al., (2011) and Kienzle (2010). Surface areas were estimated using
a triangulated irregular network (TIN) model, created by transforming a 15-m DEM
(INEGI, 2013) into a continuous 3-dimensional surface, according to the method
proposed by Jenness (2004) and Zhang et al., (2011). This procedure was conducted
using 3D Analyst Tools in ArcMap version 10.5.1.
2.3.3 Data process and analysis
Streamflow and rainfall data were resampled to daily timesteps as mean daily streamflow
and sum of daily rainfall and a set of metrics were calculated for each micro-catchment to
compare their hydrologic regimes. Table 2-2 presents definitions for each metric. To
estimate runoff ratios, only days containing paired values of rainfall and runoff were
selected. The following parameters were computed: average daily rainfall (MP), average
daily runoff (MQ), and runoff ratio (RR) (Muñoz-Villers & McDonnell, 2013; Sawicz et
al., 2011). All the available data of rainfall was used to estimate the annual ratio of days
with zero precipitation (DAYP0), and daily rainfall variability (PVAR). Likewise, the
complete dataset of discharge was used to compute the daily flow variability (QVAR),
flow duration curve (FDC), slope of the flow duration curve (SFDC), mean annual high
flow (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀), and mean annual low flow (𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀) (Kelleher et al., 2015; Nainar et al.,
2018; Ochoa-Tocachi et al., 2016; Ogden et al., 2013; Price et al., 2011; Tetzlaff &
Soulsby, 2008). Additionally, the baseflow recession constant (𝑘𝑘) was obtained from the
master recession curve (MRC) using the matching strip method (Toebes & Strang, 1964)
during the period where the minimum rainfall inputs were identified in the dry season
(Chapman, 1999). Note that a larger k value indicates slow drainage and greater storage
capacity (Murphy & Stallard, 2012).
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Table 2-2: Definition of the hydrological indices analyzed in the study.
Index

Reference formula

day

N

MP

𝑃𝑃�𝑛𝑛

MQ

𝑄𝑄�𝑛𝑛

RR

𝑄𝑄�𝑛𝑛 /𝑃𝑃�𝑛𝑛

PVAR

DAYP0

QVAR

FDC

Units Definition

𝜎𝜎𝑃𝑃 /𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

𝐷𝐷𝑝𝑝<𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 /𝐷𝐷𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝜎𝜎𝑄𝑄 / 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

Number of days where complete data of
rainfall and runoff is available

Average daily rainfall during the period
mm
where both rainfall and streamflow are
day-1
available (n)
mm Average daily runoff over the period where
day-1 both rainfall and streamflow are available (n)

-

Ratio between average daily runoff and
average daily rainfall (Ochoa-Tocachi et al.,
2016).

Coefficient of variation in daily precipitation
mm
over the entire monitoring period, standard
mm deviation divided by mean (Ochoa-Tocachi et
1
al., 2016)

-

Fraction of days with zero precipitation with
respect to the total number of days over the
monitoring period (Ochoa-Tocachi et al.,
2016).

Coefficient of variation in daily flows over
mm
the monitoring period, standard deviation
mm divided by mean (Ochoa-Tocachi et al.,
1
2016).

-

Flow duration curve is the distribution of
probabilities of streamflow being greater than
or equal to a specified magnitude plotted on a
semi-log scale. (Muñoz & McDonnell, 2013).
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Index

Reference formula

SFDC

𝑆𝑆𝐹𝐹𝐹𝐹𝐹𝐹
𝑙𝑙𝑙𝑙(𝑄𝑄33 ) − 𝑙𝑙𝑙𝑙(𝑄𝑄66 )
=
0.66 − 0.33

MAHF

𝑄𝑄5

MALF

𝑄𝑄95

k

-

Slope of the flow duration curve. Calculated
using the method of Zhang et al. (2008)
modified by Sawicz et al. (2011).

Mean annual high flow calculated as the
mm
mean of the 5st percentile of the FDC (Muñoz
day-1
& McDonnell, 2013)
Mean annual low flow calculated as the mean
mm
of the 95st percentile of the FDC (Muñoz &
day-1
McDonnell, 2013)

𝑄𝑄𝑑𝑑 = 𝑄𝑄0 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑡𝑡
/𝜏𝜏)
𝑄𝑄𝑑𝑑 = 𝑄𝑄0 ∙ 𝑘𝑘

Units Definition

𝑡𝑡

-

MRC is described using linear reservoir
theory (Chapman, 1999), where 𝑄𝑄0 and 𝑄𝑄𝑑𝑑
are the flows (mm day−1) at time 0 and t
(days), respectively, 𝜏𝜏 is the turnover time of
the groundwater storage (days) and k is the
recession constant (Ogden, 2013; Muñoz &
McDonnell, 2013)

To assess stream response to precipitation and runoff response in the studied microcatchments, 266 storm events were examined during the period from July 1st, 2016 to
August 10th, 2018. For this analysis, ten-minute rainfall and streamflow data were used to
graphically separate streamflow into quickflow (direct flow in response to a rainfall
event) and baseflow (the delayed flow from storage), following the approach of Hewlett
and Hibbert (1967). The hydrograph separation was performed using the slope constant
method (see Mosley, 1979). Storms were defined as periods with more than 0.2 mm of
rainfall, separated by a dry period of at least 3 h (Muñoz-Villers & McDonnell, 2013).
For each storm event, the following parameters were calculated: total rainfall (Pev [mm]),
total runoff (Qt [mm]), quickflow (Qqf [mm]), baseflow (Qbf [mm]), peak flow (Qpeak [mm
h−1) and the 24 h antecedent precipitation (AP [mm]). Furthermore, we calculated the lag
time (TL [h]), defined as the time between peak rainfall and peak flow, and the time to
peak (Tp [h]), defined as the time between the onset of storm and peak flow (Mosley,
1979).
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2.3.4 Statistical methods
Statistical tests were applied to detect differences in the hydrologic responses across the
micro-catchments. Since the distribution of storm events did not follow the normality
assumption (Shapiro-Wilk test), we chose the non-parametric Kruskal-Wallis H test
followed by the post-hoc Dunn’s test (α = 0.05) (Nainar et al., 2018). The latter test was
used to make multiple pairwise comparisons based on approximations to the actual rank
statistics. The Dunn's (1961) Bonferroni adjustment was used for multiple comparisons,
and the results are displayed in box-and-whisker plots supplemented by alphabet
groupings (Yamada, 2013). These statistics were carried out with the R software v.3.5.3.
The storm parameters (Qt, Qqf, Qbf, Qpeak) were positively correlated with the total event
rainfall (Pev). Consequently, to control for the effects of this covariation, two approaches
were applied. First, the parameters were normalized by rainfall event (Qt/Pev, Qqf/Pev,
Qbf/Pev) and subsequently compared with the non-parametric methods listed above.
Second, a multiple regression analysis was conducted on each hydrologic variable against
Pev across the five micro-catchments, followed by an analysis of covariance (ANCOVA)
of the resulting linear models in R software v.3.5.3. (Baumer et al., 2017; Nainar et al.,
2018; Staelens et al., 2008; Verma et al., 2018).
In the ANCOVA, we modeled the land cover-specific relationship between Pev and each
of the storm parameters using a multiple linear regression model (Equation 1) with a
distinct slope and intercept for each land cover:
𝑌𝑌 = 𝛼𝛼0 + 𝛽𝛽0 𝑃𝑃𝑒𝑒𝑒𝑒 + 𝛼𝛼1 𝑥𝑥1 + 𝛽𝛽1 𝑥𝑥1 𝑃𝑃𝑒𝑒𝑣𝑣 + 𝛼𝛼2 𝑥𝑥2 + 𝛽𝛽2 𝑥𝑥2 𝑃𝑃𝑒𝑒𝑒𝑒 + 𝛼𝛼3 𝑥𝑥3 + 𝛽𝛽3 𝑥𝑥3 𝑃𝑃𝑒𝑒𝑒𝑒
+ 𝛼𝛼4 𝑥𝑥4 + 𝛽𝛽4 𝑥𝑥4 𝑃𝑃𝑒𝑒𝑒𝑒 + 𝜀𝜀

(1)

Where the regression coefficients 𝛼𝛼0 , 𝛼𝛼1 , 𝛼𝛼2 , 𝛼𝛼3 , 𝑎𝑎𝑎𝑎𝑎𝑎 𝛼𝛼4 represent the intercepts and the
coefficients 𝛽𝛽0 , 𝛽𝛽1 , 𝛽𝛽2 , 𝛽𝛽3 , 𝑎𝑎𝑎𝑎𝑎𝑎 𝛽𝛽4 are the slopes. The reference land cover is MF, and 𝑥𝑥1
through 𝑥𝑥4 are indicator variables for IF, YF, SC, and IP.

ANCOVA was used to determine the following model (Schneider et al., 2015):
𝑌𝑌𝑖𝑖,𝑗𝑗 = µ + 𝛼𝛼𝑖𝑖 + 𝛽𝛽𝑖𝑖 �𝑋𝑋𝑖𝑖,𝑗𝑗 − 𝑋𝑋�𝚤𝚤 � + 𝜀𝜀𝑖𝑖,𝑗𝑗

(2)

𝑌𝑌𝑖𝑖,𝑗𝑗 − 𝛽𝛽𝑖𝑖 (𝑋𝑋𝑖𝑖,𝑗𝑗 − 𝑋𝑋�𝚤𝚤 ) = µ + 𝛼𝛼𝑖𝑖 + 𝜀𝜀𝑖𝑖,𝑗𝑗

(3)

where Yi,j is the response of streamflow (Qt, Qqf, Qbf, Qpeak) in micro-catchment i to storm
j with total rainfall Xi,j, 𝑋𝑋�𝚤𝚤 represents the means of total rainfall in the micro-catchments,
and 𝜀𝜀𝑖𝑖,𝑗𝑗 represents the residuals. We can rearrange Equation 2 to express the ANCOVA
on the original response variable (Y) as a regular ANOVA on values of Y that have been
adjusted, according to their linear dependence on X:

This approach allows for comparing the slope, intercept, and residual variances for two
regression equations based on a two-tail F-test. If statistically significant differences in
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slopes, intercepts, or residual variances are found, then the regressions describing
streamflow response (Qt, Qqf, Qbf, Qpeak) for each land cover can be regarded as
statistically different.

2.4 Results
2.4.1 Rainfall and runoff hydrologic metrics
During the study period, as described in section 2.3, mean annual precipitation (P) was
higher in MF (2607 mm), followed by IP (2340 mm), SC (2135 mm), IF (1840 mm), and
YF (1649 mm). The micro-catchments located in the north and with lower elevations
have lower rainfall, while rainfall is highest to the southwest at higher elevations (≈ 1700
m a.s.l.). Rainfall was not necessarily correlated with elevation, as observed in SC and
YF, which had relatively high rainfalls at lower elevations. However, the microcatchments located at lower elevations (YF and SC) exhibited higher daily precipitation
variation (PVAR) and percent of days without rainfall (DAYP0) (see Table 2-3).
Figure 2-3b shows the rainfall duration curve for daily rainfall across the study microcatchments. The highest runoff ratio (Table 2-3 and Figure 2-3c) occurred in the IP
(0.69), followed by MF (0.67), IF (0.58), YF (0.53), and SC (0.46). In general, the microcatchments with higher annual precipitation presented a higher RR. However, this index
is also controlled by other factors, including land use; in our case, IP had the highest RR
and SC had the smallest RR, despite similar rainfall. The FDC for runoff (Figure 2-3a),
the slope of the FDC (SFDC), and the coefficient of variation in daily flows (QVAR)
exhibited complex responses across the micro-catchments (Table 2-3). YF showed the
highest QVAR, followed by IP, SC, MF and IF. This metric agrees with most of the
results for SFDC, where IP had the second highest streamflow variability and MF and IF
presented the lowest SFDC.
The mean annual high flow (MAHF) metric appears to be influenced by slope and soil
infiltration capacity. IP showed the highest high flow followed by MF, SC, YF and IF
(Table 2-3). The reduced infiltration capacity of IP appears to be the main explanatory
variable for MAHF; however, the high MAHF observed in MF can be also linked to its
steep slope (20°). Interestingly, in IF, a high infiltration capacity (127 mm h-1) appears to
be a stronger controlling factor than slope (14°), explaining why this micro-catchment
has the lowest MAHF. MF presented the highest MALF, followed by IF, SC, IP, and YF
(Table 2-3). In the five micro-catchments k was relatively high, from 0.978 to 0.993,
indicating slow drainage and high storage. It should be stressed, that k is bounded (k ≤ 1)
and k often is above 0.80 even in mesoscale catchments (Thomas et al., 2013).
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Figure 2-3: Plots showing the a) flow-duration curve; b) rain-duration curve; c) runoff
ratio (RR) for study micro-catchments in central Veracruz, Mexico. Mature forest (MF),
intermediate forest (IF), young forest (YF), shade coffee (SC), and intensive pasture (IP).

Table 2-3: Computed meteorological and runoff-related coefficients of the different
catchments, where available, the standard deviation (SD) is provided. Mature forest
(MF), intermediate forest (IF), young forest (YF), shade coffee (SC), and intensive
pasture (IP).
Index

MF

IF

YF

SC

IP

N

469

642

209

360

467

MP

6.47

4.64

3.29

6.67

6.00

MQ

4.35

2.67

1.74

3.05

4.14

RR

0.67

0.58

0.53

0.46

0.69

PVAR

1.86

2.07

2.10

2.18

1.99
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Index

MF

IF

YF

SC

IP

DAYP0

0.31

0.32

0.36

0.33

0.32

QVAR

0.83

0.51

1.13

0.91

1.05

SFDC

1.79

1.01

1.82

2.22

3.04

MAHF (± SD)

10.7 ± 0.25

4.7 ± 0.05

5.2 ± 0.01

6.5 ± 0.12

12.5 ± 0.35

MALF (± SD)

1.29 ± 0

1.18 ± 0

0.26 ± 0.01

0.54 ± 0

0.37 ± 0

k

0.989

0.993

0.978

0.986

0.980

2.4.2 Catchment event response
During the study period, a total of 266 discrete rainfall events were analyzed, including
51 events in MF, 79 in IF, 31 in YF, 60 in SC, and 45 events in IP (Table 2-4). The
Dunn’s test (Figure 2-4a) shows that the Qt/Pev metrics were significantly different
between micro-catchments. In Table 2-4, it can be observed that the mean Qt/Pev is higher
in IP followed by MF, SC, YF and IF. For IP and MF, values of Qt/Pev were not
statistically different, nor were the responses from IF, YF and SC (alphabet groups in
Figure 2-4a). Using the more robust ANCOVA test, the Qt – Pev regressions were
significantly different among all land uses (Table 2-4). Thus, the linear models presented
in Figure 2-4e had different slopes and intercepts compared to MF, which was used as a
control against the other human-modified landscapes (Equation 1). YF and IF presented
moderate slopes which translates to less response towards storm magnitude, while MF
and IP had steeper slopes.
The Qqf/Pev ratios were significantly different among land uses (Figure 2-4b). IP
presented the highest mean Qqf/Pev followed by SC, YF, MF, and IF (Table 2-4). The Qqf
- Pev regressions have significantly different slopes and intercepts (Table 2-5, Figure
2-4f). This analysis distinguished two main groups: IP, SC and MF, which have similar
and flashier responses; versus IF and YF, which were statistically different and less
flashy than MF. The Qbf /Pev metric is also different across micro-catchments (Table 2-4).
Figure 2-4c distinguishes two main groups, IP and MF, with a higher Qbf /Pev, while IF,
YF and SC had lower response. This finding is associated with the higher elevation and
higher rainfall in MF and IP. The slope of the Qbf - Pev regression lines (Figure 2-4g and
Table 2-5) is steeper in MF compared to the rest of the sites.
The mean 24-hour antecedent precipitation (AP) ranged between 4.55 to 11.75 mm
(Table 2-4) and exhibited a weak correlation (r < 0.15) with the storm parameters (Qt,
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Qpeak, Qqf, Qbf). We considered the Qqf /Qt and Qbf/Qt (Table 2-4), because these are
normalized by total streamflow. Average baseflow (Qqf /Qt) at the storm event scale was
higher in the MF (81%), closely followed by IF (77%). In the SC, YF, and IP microcatchments, the baseflow component was lower (70%, 67%, and 66%, respectively).
These indices relate well with the recession constant k (Table 2-3), where IF and MF had
higher values, while IP and YF exhibited lower results.
Peak flow (Qpeak) also differs significantly between micro-catchments, where IP is
significantly different from the other micro-catchments (Figure 2-4d). IP also differs
significantly in its peak flow interaction with rainfall. Table 2-5 and Figure 2-4h show
that this micro-catchment had a five-fold larger peak flow to rainfall ratio, compared to
MF. The rest of the micro-catchments had smaller values of intercepts and slopes
compared to MF. These linear regression models exhibited the highest adjusted R2 (0.78,
Table 2-5). Time to peak (Tp) and lag time (TL) presented a similar pattern of responses
(Table 2-4) where IF had the largest Tp and TL, followed by YF, IP, MF, and SC.
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Figure 2-4: Differences in hydrological variables (left, Dunn’s test; right, multiple
regression) between the micro-catchments. Dunn´s test results are displayed in left box
and whisker plots supplemented by alphabet groupings. Mature forest (MF), intermediate
forest (IF), young forest (YF), shade coffee (SC), and intensive pasture (IP).
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Table 2-4: Summary of rainfall and storm runoff characteristics (mean ± standard
deviation) for the five study micro-catchments. Mature forest (MF), intermediate forest
(IF), young forest (YF), shade coffee (SC), and intensive pasture (IP).

n
AP

MF

IF

YF

SC

IP

51

79

31

60

45

10.6 ± 14.12 7.8 ± 11.68 4.55 ± 6.85 8.05 ± 10.92 11.75 ± 16.97

Qt/Pev

0.25 ± 0.19

0.14 ± 0.08

0.15 ± 0.1

0.21 ± 0.15

0.29 ± 0.13

Qqf/Pev

0.05 ± 0.06

0.03 ± 0.04 0.05 ± 0.04

0.07 ± 0.06

0.11 ± 0.09

Qbf /Pev

0.2 ± 0.17

0.11 ± 0.06

0.1 ± 0.07

0.14 ± 0.12

0.18 ± 0.1

Qpeak [mm h-1]

0.59 ± 0.56

0.4 ± 0.36

0.49 ± 0.45

0.62 ± 0.46

2.66 ± 2.79

Qqf /Qt

0.19 ± 0.16

0.23 ± 0.17 0.33 ± 0.18

0.3 ± 0.21

0.34 ± 0.22

Qbf/Qt

0.81 ± 0.16

0.77 ± 0.17 0.67 ± 0.18

0.7 ± 0.21

0.66 ± 0.22

Tp [h]

2.98 ± 3.13

4.35 ± 3.83 3.62 ± 1.87

2.85 ± 2.49

3.56 ± 1.95

TL [h]

1.17 ± 1.29

2.24 ± 3.16

0.93 ± 1.09

1.98 ± 0.94

23

2.2 ± 1.51

24
0.21

Qpeak

0.02

0.23

0.21

-2.06
-0.87

0.44

S

-2.92

I

𝛽𝛽0

𝛼𝛼0

Qbf

Qqf

Qt

Y

MF

0.06

0.77
0.02

0.11

-1.06

0.03

0.17

S

-0.29

I

𝛽𝛽1

𝛼𝛼1

IF

0.15

0.02

0.07

0.09

0.36
0.18

0.16

S

0.18

I

𝛽𝛽2

𝛼𝛼2

YF

0.24

0.23

-1.60

-1.37

I

𝛼𝛼3

SC

0.02

0.11

0.18

0.29

S

𝛽𝛽3

0.12
0.14

-0.52

0.24

0.36

S

𝛽𝛽4

0.89

-1.86

-0.98

I

𝛼𝛼4

IP

106.7

39.6

89.3

67.5

Fvalue

<0.05

<0.05

<0.05

<0.05

pvalue

0.78

0.57

0.75

0.69

Ra2

Table 2-5: Coefficients of intercept (I) and slope (S), F-value, p-value and adjusted r-squared (Ra2) for
ANCOVA regressions of hydrologic metrics against land use. Bold indicates statistical significance (α = 0.05).
Mature forest (MF), intermediate forest (IF), young forest (YF), shade coffee (SC), and intensive pasture (IP).

2.5 Discussion
2.5.1 How does age of forest recovery affect streamflow?
The vegetation properties were similar for the three forested micro-catchments in terms
of LAI (Table 2-1), tree height, and dominant species; yet, important differences were
observed in the streamflow at daily and event scales. At the daily scale, the MF and IF
presented similar responses characterized by lower variability in their daily flows, higher
water storage capacity (high recession constants), and higher MALF, compared to that of
the YF (Table 2-3). Figure 2-3a shows that, during the dry season (flow exceeded more
75% of the time), the IF had a streamflow closer to that of MF. These results correlate
well with the soil infiltration capacity, where, MF and IF show a similar and higher Kfs,
compared to the YF. Thus, our results suggest that daily scale hydrologic regime of the IF
more closely resembles that of MF than that of a YF. However, the YF micro-catchment
also had the lowest annual rainfall inputs and the highest rainfall variability (PVAR and
DAYP0), in addition to a greater land cover heterogeneity (Figure 2-1), which may have
obscured the response of this land cover. While MF and IF have dominant land covers in
their respective micro-catchments (100% and 77% respectively), the YF covers only 68%
of the area and the rest of the micro-catchment is covered by more developed land. It has
been shown in other studies that 20% or less forest removal may cause substantial effects
on peak flow and water yield (Bosch & Hewlett, 1982, Schueler et al., 2009; Evaristo &
McDonnell, 2019). However, the mean annual low flow (Table 2-3) for YF is similar to
the results reported by Muñoz-Villers and McDonnell (2013) for a 20 yr-old regenerating
forest in a neighboring micro-catchment (0.21 mm day-1), while the mean annual high
flow estimates (Table 2-3) were significantly smaller compared to the same study (32
mm day-1).
YF and IF showed a lower Qt/Pev (Table 2-4) which is associated with lower AP over the
analyzed events; although, this result can also be influenced by the high Kfs of IF. In
terms of baseflow normalized by total runoff Qbf/Qt, all three forested micro-catchments
have a high baseflow percentage (Table 2-4): MF (81%), IF (78%), and YF (67%). This
metric is positively correlated with the percent of forest cover. Similar results of high
baseflow dominance during storms were previously reported in this region for an oldgrowth TMCF by stable isotope-based experiments (Table 2-3 from Muñoz-Villers &
McDonnell, 2012), where groundwater dominated up to 90% of the storm runoff during
the wet season. In terms of quick flow and total runoff responses to rainfall, YF and IF
were less responsive to storm magnitude compared to MF (Figure 2-4e and Figure 2-4g).
The steeper slope of the MF (Figure 2-4g) may support the hypotheses of higher baseflow
contribution to the hydrograph during storm events. Similar effects were previously
reported for an old-growth TMCF, a 20-yr old TMCF, and a pasture micro-catchment
(Muñoz-Villers & McDonnell, 2013). The peak flow response to rainfall was very similar
for the three forested micro-catchments (Table 2-5, Figure 2-4d). These results indicate
that the three forests present a similar capacity to attenuate peak flows. Our work
supports the hypothesis that the secondary forests contribute to restore the hydrologic
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responses to pre-disturbance conditions. Nonetheless, uncertainty remains to confirm this
hypothesis, since the micro-catchments were not entirely, nor equally, dominated by the
studied forests, as indicated earlier.
We were not able to completely answer the question of whether forest age impacts
hydrology, in terms of baseflow maintenance and peak flow, because differences in
slope, elevation and percent of forest cover among the three micro-catchments may have
influenced our results. For instance, the MF micro-catchment has a steeper mean slope
than that of IF and YF, being 6° and 12° greater, respectively. Steep slopes have been
associated with higher quickflow, and lower lag time and time to peak responses (Mu et
al., 2015; Nainar, 2018), as observed in our study (Figure 2-4e-f and Table 2-4). On the
other hand, steeper slopes have also been linked with higher water storage capacity
(Karlsen, 2010; Gabrielli & McDonnell, 2011; Sayama et al., 2011; Uchida et al., 2008).
Thus, the steeper slope of MF may explain its higher contribution from baseflow and its
high runoff ratio (0.67). Additionally, the higher mean elevation of MF (1756 m a.s.l.),
compared to that of IF (1604 m a.s.l.) and YF (1453 m a.s.l.) correlates with its higher
RR. An additional source of uncertainty is the use of the constant slope hydrograph
separation method; nonetheless, this type of method is commonly used for catchment
comparisons; a major drawback is the lack of standard hydrograph separation techniques
(Blume et al., 2007). The use of normalized metrics (by area, slope, precipitation and
streamflow) is expected to minimize the effects of these confounding parameters.
Our findings strongly support that 20 and 40 years of natural forest regeneration are
sufficient to restore large part of the hydrology on micro-catchments previously occupied
by intensive pastureland and annual crops (local inhabitants’ communication). These
results suggest that, despite the commonly accepted notion that these forests have high
ET rates, both young and mature forests can provide important hydrological services,
such as dry-season baseflow sustenance and modulation of peak flow, due to the higher
infiltration rates and water storage capacities.
2.5.2 What are the effects of TMCF conversion to shaded coffee on
streamflow?
At the daily scale, SC had a lower mean streamflow and lower runoff ratio, despite
having similar rainfall inputs compared to MF. In the dry season, SC also showed a
slightly lower mean annual low flow (MALF), and a lower recession constant (k) (Table
2-3). A significantly lower RR and MALF was expected in SC, because this microcatchment is located at a lower elevation (472 m difference), which promotes a higher
evapotranspiration (ET) (Ramirez et al., 2017), while ET in the MF is likely to be energylimited. ET rates are lower at higher elevations, mainly due to lower atmospheric demand
driven by lower temperatures and higher relative humidity, which reduces water losses
from ET and increases runoff amounts (Saenz et al., 2014; Ramirez et al., 2017).
Additionally, the soil evaporation (Es) in a shaded coffee farm may account for around
13% of the total ET (Holwerda & Meesters, 2019), while the dense canopy (see LAI,
Table 2-1) in MF can minimize Es (Levia et al., 2011). Although SC has lower LAI
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(Table 2-1), resulting in lower interception (approximately 10% to 15% ET) compared to
MF (Holwerda et al., 2010; Holwerda et al., 2013; Ponette‐González et al., 2010), its
increased soil evaporation due to more open, unvegetated area can offset the higher
interception, resulting in higher ET and lower streamflow. SC had a significantly lower
RR than MF, as expected, but it also exhibited a relatively higher MALF and k, when
compared to the other studied land covers (Table 2-3) and with previous studies (MuñozVillers & McDonnell, 2013), regardless of the expected higher ET described earlier. This
suggests that SC may preserve a large part of its original capacity to sustain baseflow
during the dry season, associated with its higher soil infiltration capacity when compared
to IP (Table 2-1).
At the event scale, the Dunn’s test indicated that the hydrologic response of SC in terms
of total runoff, quickflow, baseflow and peak flow were not statistically different
(alphabet grouping Figure 2-4a-d) compared to the MF. The metric normalized by
streamflow (Qbf/Qt) also suggested that SC has larger dominance of baseflow compared
to YF and IP (Table 2-4). Finally, the ANCOVA analysis showed that the quick flow and
peak flow responses were not significantly different between SC and MF (Table 2-5).
These findings indicate that the SC micro-catchment has a similar capacity to modulate
peak flow compared to that of MF. However, the average time to peak and lag time
responses of the SC were the lowest (Table 2-4), suggesting a faster response, even
though this micro-catchment has the largest area of the studied sites (Table 2-1), and
larger areas are normally associated with longer Tp and TL (Wurbs & Wesley, 2002.). We
attribute this result to the fact that SC has an intermediate soil infiltration capacity (48
mm h-1) and the highest soil bulk density (Table 2-1). This is likely associated with
management practices such as the continuous removal of herbaceous groundcover
(Martínez et al., 2009). Our results agree with previous research conducted in the study
region which suggested that shade coffee soils had higher bulk density and lower soil
porosity than forest soils, in addition to intermediate saturated hydraulic conductivities
(Geissert & Ibáñez, 2008; Marin-Castro et al., 2016). Our study supports the hypothesis
that shade coffee preserves a large part of the pre-disturbance capacity to sustain
baseflow and modulate peak flow, despite the differences in elevation and slopes that
may have affected our results.
2.5.3 What are the effects of TMCF conversion to intensive pasture
management on streamflow?
The mean daily streamflow and runoff ratio was slightly higher in IP in comparison to the
MF. Additionally, IP showed lower water storage capacities to sustain low flows during
the dry season (see k in Table 2-3). The IP also presented a higher variability on its
streamflow regime and the steepest SFDC of all the studied micro-catchments. This result
was further verified by the higher MAHF in IP (Table 2-3). Both results are consistent
with IP’s lower infiltration capacity (Kfs = 26 mm h-1), which is less than a quarter of the
benchmark value in MF (Kfs = 125 mm h-1). These findings also agree with previous
research indicating decreased infiltration capacity after forest removal and grazing,
triggering an increase in surface runoff (Bruijnzeel, 1988; Ogden, 2013). Additionally,
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the reduced soil infiltration may have diminished the micro-catchment’s capacity to
recharge and store water, causing a lower MALF. Finally, the IP and MF presented a
higher RR compared to the rest of the sites; the RR in MF is also higher in comparison to
the existing literature (Evaristo & McDonnell, 2019; Hibbert, 1969; Muñoz-Villers et al.,
2015). MF and IP are both located at higher elevations receiving greater annual inputs of
rainfall (Table 2-1). ET rates are lower at higher elevations, as described in previous
paragraphs. Additionally, forested landscapes have higher interception (Holwerda et al.,
2010) that may increase ET; this can explain the higher RR observed IP compared to MF.
On the other hand, forests have also been linked with higher runoff coefficients
attributable to the higher percent of stemflow around the tree base (Levia & Germer,
2015).
At the event scale, the total rainfall - runoff regression line for MF had a slightly steeper
slope than the IP regression (Figure 2-4e); although, these differences were not
statistically significant (Figure 2-4a). The IP exhibited a statistically steeper slope for the
rainfall - quick flow relationship (Figure 2-4b), while in MF baseflow was more
dominant over the analyzed storms Qbf/Qt (81% in MF, versus 66% in IP). In forested
areas, stemflow is higher and may promote locally concentrated input of water causing a
rapid recharge of groundwater by preferential flow mechanisms through macropores and
roots (Levia et al., 2011). When assessing the rainfall - peak flow relationships (Figure
2-4h), the IP had a statistically different and flashier response (Table 2-4 and Table 2-5).
These results agree with previous studies (Bruijnzeel, 1988; Muñoz-Villers &
McDonnell, 2013; Ogden, 2013), which found that peak flow may increase in pasture due
to reduced soil infiltration capacity (Kfs) and its higher soil bulk density (Table 2-1).
The volcanic soils in the region are known to have high water storage capacities (Campos
et al., 2001; Dubroeucq et al., 2002). Previous research in the study area reported that 50
years of cropping caused a moderate reduction of soil structural stability followed by a
reduction of water retention at field capacity and permanent wilting point, with
potentially negative implications on soil hydrologic response (Meza-Pérez & GeissertKientz, 2006). The micro-catchment that has undergone 40 years of intense pasture
management indicate inferior soil hydraulic properties, reduced baseflow sustenance, and
increase in peak flow by up to five times compared to the MF.

2.6 Conclusions
Daily streamflow regimes of an intermediate age forest closely resembled a mature
forest; however, storm runoff event responses across the three forested micro-catchments
were not statistically different. Our results support the hypothesis that older forests are
associated with better soil conditions, particularly higher soil infiltration capacity and
thus greater recharge of subsurface water storages.
Despite the potential changes in the water and energy balance due to forest conversion to
shade coffee alternatives, the capacity to sustain baseflow in a shaded coffee dominated
micro-catchment was largely preserved, relative to the forested micro-catchments. The
28

shaded coffee cultivation also preserved the soil capacity to modulate peak flows during
storms.
The pasture-dominated micro-catchment showed a lower baseflow compared to the
mature forest, and a fivefold greater peak flow response, despite similar rainfall rates. In
the pasture-dominated site, 40 years of intense pasture management has deteriorated the
hydraulic properties of the underlying volcanic soils, mainly in terms of reduced
infiltration capacity.
The major implications of our findings for managers of payments for watershed services
and other programs promoting conservation of hydrologic services are: 1) shade coffee
may provide similar hydrologic services to forests in these types of programs, but more
work on coffee farms with different management practices is needed to support this
hypothesis; 2) higher conservation priority should be given to mature and older
regenerating TMCF, particularly those located at higher elevations; and 3) conversion to
pasture should be avoided, and best management practices such as rotational ranching
should be promoted in the existing pasture land to minimize the deterioration of soil
hydraulic properties. More research is needed to better understand the energy and mass
dynamics on regenerating TMCF across a wider range of elevations and forest ages.
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3 Performance of the SWAT model in predicting
streamflow responses of contrasting land covers in
tropical montane areas of Central Veracruz, Mexico
3.1 Abstract
Tropical montane cloud forests (TMCF) are often threatened by land use change despite
their capacity to maintain high dry-season baseflow. A number of conservation policies
have been implemented to protect these ecosystems. However, since most of the
modeling tools used to assess these policies were developed for temperate zones with
distinct hydrological regimes, more work is needed to evaluate model strengths and
limitations in tropical contexts. This study assesses an improved version of the Soil and
Water Assessment Tool model for the Tropics (SWAT-T). In this study, we evaluate the
performance of SWAT-T in a mesoscale catchment (34 km2), and in four microcatchments with dominant land covers: intermediate age (IF) and mature forests (MF),
shade coffee (SC), and pasture (IP). Potential evapotranspiration (PET) was calculated
using three methods provided by SWAT-T: Penman-Monteith (PM), Hargreaves (HA),
and Priestly-Taylor (PT). Plant growth and canopy water storage capacity were manually
adjusted with field data. A sensitivity analysis of parameters and calibration of daily
streamflow were conducted at the catchment scale. Furthermore, the calibrated models
were evaluated at four micro-catchments using streamflow data. SWAT-T was capable of
predicting the observed low fraction of surface runoff. However, SWAT-T incorrectly
predicted the dominance of lateral flow, instead of the deep groundwater flow observed
from isotope-based studies. Moreover, SWAT-T underestimated the influence of rainfall
interception losses since evaporation is limited by daily PET in forests. For PET, HA
produced the best model fit, while PT and PM underestimate evaporation from the wet
forest canopy. In contrast, temperature-based PET methods overestimate PET in land
covers with lower interception. Finally, the model largely overestimates the mean annual
low flow in IP, while underestimating it in MF and IF. Taken together, these results
indicate that SWAT-T requires improvements in the modeling of rainfall interception and
groundwater dynamics to improve its application in areas dominated by TMCF.

3.2 Introduction
Integrating scientific knowledge about the effects of land use change on water quantity
and quality is key for scaling up and improving catchment policy design (Naeem et al.,
2015, Wright et al., 2018). Hydrological models have been used to assess the efficiency
of management schemes for conserving hydrological services (Quintero et al., 2009,
Bremer et al., 2020). Nonetheless, hydrological models are rarely evaluated with the
necessary rigor, and in most cases, modelers evaluate management scenarios based on
models calibrated using statistical criteria only from measured stream gauge data at the
outlets, while potentially misrepresenting interior processes (Arnold et al., 2015,
Hrachowitz et al., 2014). This issue remains a major challenge in hydrology, especially in
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tropical montane areas characterized by poor availability of data and ecohydrological
knowledge, less suitable modeling tools, and high spatial variability in climate,
vegetation, and soils (Hamel et al., 2017, Wright et al., 2018). Better understanding and
modeling of the response of the “hydrological signal” to land use change is key to the
effective implementation, monitoring, and success of conservation policy (Guswa et al.,
2014).
The Soil and Water Assessment Tool (SWAT) is a hydrological model originally
developed to simulate complex hydrological processes on agricultural catchments
(Arnold et al., 1998). In part, due to its open access policy and detailed documentation,
but also because of important efforts to improve its calibration, the use of the model has
extended beyond agricultural applications. SWAT has been used to assess and design
conservation policies and management strategies around the world (Francesconi et al.,
2016, Shrestha et al., 2018), including in forest-dominated catchments in the
mountainous tropics (i.e., Quintero et al., 2009, Francesconi et al., 2016, Tuppad et al.,
2010, Plesca et al., 2012). Today, SWAT exhibits an element of robustness in the
simulation of streamflow responses for a wide range of topographic, soils, and land use
conditions (Van Liew et al., 2007). Furthermore, compared with other modeling tools,
SWAT excels in the process-level detail of its results and its capacity to incorporate
available local data (Vigerstol and Aukema, 2011).
Various authors have reported successful SWAT model applications in mountainous
tropical settings (Quintero et al., 2009, Shrestha et al., 2018), including tropical montane
cloud forest in Mexico (Salas-Martínez et al., 2014, Sánchez-Galindo et al., 2017).
However, to the best of our knowledge, none of these studies have evaluated the
performance of the model at micro-catchments with contrasting land covers, and more
work is needed to better understand the strengths and limitations of SWAT in these
environments. Moreover, some authors have noted that SWAT shows a tendency to
underperform in either very low or very high discharge events, particularly in forested
areas (Qiu et al., 2012). However, most model evaluations have relied only on statistics
measured at the outlet (Arnold et al., 2015). A recent introduction of signature metrics for
different parts of the flow duration curve has shown that it is possible to achieve a
balanced hydrograph with the SWAT model. Nonetheless, calibrating SWAT
simultaneously for very high and very low flows is still challenging (Shrestha et al.,
2018, Pfannerstill et al., 2014).
Evapotranspiration (ET) is one of the most important elements in the water cycle, but it is
also among the most difficult processes to accurately estimate at the catchment scale
(Aouissi et al., 2016). While the Potential Evapotranspiration (PET) is a commonly used
index in estimating ET, the many methodologies available to calculate PET produce a
wide range of values (Archibald and Walter, 2013). Additionally, forest PET values at the
landscape level are often indirectly estimated using models that were developed for short
crops and under specific climatic conditions (Lu et al., 2005). SWAT uses empirical PET
methods to estimate the actual ET, including the temperature-based Hargreaves (HA),
(Hargreaves and Samani, 1985), radiation-based Priestley-Taylor (PT) (Priestley and
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Taylor, 1972), and the combined energy-mass transfer Penman-Monteith (PM)
(Monteith, 1965) methods. The PM method is generally considered the best method when
detailed weather data (daily solar radiation, air temperature, relative humidity, and wind
speed) are available (Allen et al., 1998). However, a clear definition of the “best” method
for hydrological computation is still not evident and the literature suggests that different
methods perform better under certain climatic conditions, especially in data-scarce
regions (i.e., Alemayehu et al., 2015, Samadi, 2017).
Recently, authors have suggested improvements to SWAT to better represent vegetation
growth in tropical areas (SWAT-T), recognizing that SWAT assumes that vegetation
enters a dormant period at the end of each growing season (i.e., in winter), while many
tropical plant species exhibit drought-controlled dormancy or continuous growth
throughout the year (Strauch and Volk, 2013, Alemayehu et al., 2017). This modified
version improves the applicability of the model in tropical areas, especially in the
calculations of ET. Nonetheless, SWAT-T has not been formally evaluated in areas
characterized by tropical montane cloud forest.
In this study, we evaluated the suitability of the SWAT-T model to simulate discharge in
a catchment dominated by tropical montane cloud forest (TMCF) located in Central
Veracruz, Mexico. We hypothesize that by contrasting calibrated SWAT-T models
against local hydrologic and vegetation observations (e.g. streamflow and leaf area index)
and ecohydrological parameters, such as canopy storage capacities of different vegetation
covers, we can identify model weaknesses and strengths for analyzing the hydrological
consequences of land use change in these environments. Specifically, (a) we evaluate the
performance of three PET methods in the SWAT-T model and (b) assess the accuracy of
the model to simulate streamflow over range of the flow duration curve in four microcatchments with contrasting land covers (mature and intermediate age TMCF, shade
coffee, and pasture). To the best of our knowledge, this is the first study to apply a
framework based on metrics from across the flow duration curve in the calibration of
SWAT-T, together with the evaluation of the model at micro-catchments with contrasting
land covers in areas influenced by tropical montane cloud forest and other land covers.

3.3 Material and methods
3.3.1 Study site
The research was carried out in four micro-catchments (0.137–0.446 km2) and in the
Gavilanes catchment (34 km2) originally dominated by tropical montane cloud forest
(TMCF) and located between 1226 m a.s.l. and 2962 m a.s.l. in central Veracruz, Mexico
(Figure 3-1). A detailed description of the characteristics of the micro-catchments is
provided in Table 3-1, and more details can be found in López-Ramírez et al. (2020). The
micro-catchments are located within the subcatchments of the Pixquiac and Gavilanes
rivers (areas = 106 and 42 km2, respectively), which comprise part of the Antigua River
basin (area = 1,565 km2). The micro-catchments were chosen based on the contrasting
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dominance of four land use/land cover (LULC) types within each micro-catchment, (see
the LULC map in Figure 3-1) including mature forest (MF), intermediate age forest (IF),
shade coffee plantations (SC), and high-intensity pasture (IP). Table 3-1 indicates the
fractions of the four LULC types for each of the micro-catchments. Together, these four
LULC types comprise around 70% of LULC in this study area (Von Thaden et al., 2019).

Table 3-1: Description and daily hydrologic indices observed at four micro-catchments.
Table includes land use, slope and soil class corresponding to the HRUs use for model
evaluation at micro-catchment scale.
MF

IF

SC

IP

0.242

0.224

0.446

0.137

1756

1604

1284

1655

Mean slope (%)

36%

25%

21%

Percent forest or coffee covera

100%

77%

21%
94%

Percent of pasture and crops covera
Percent of urban and roadsa

23%
0%
5.96 ±
1.22
127 ±
2.1

0%
6%
4.3 ±
1.71
48 ±
3.4

63%
8%

Soil saturated hydraulic conductivity (Kfs) at
20-cm depth (mm hr−1)a

0%
0%
5.93 ±
0.9
125 ±
2.1

N (day) a

469

642

360

467

Average daily rainfall (mm day )

6.47

4.64

6.67

6

-1 a

Average daily runoff (mm day )

4.35

2.67

3.05

4.14

Ratio between runoff and rainfall (-)a

0.67
10.7 ±
0.25

0.58
4.7 ±
0.05

0.69
12.5 ±
0.35

Area (km2)a
Mean elevation (m a.s.l.)a
a

Leaf area index (LAI) (m2 m-2)a

-1 a

29%

26 ± 2

Mean annual low flow (± SD) (mm day-1)a

1.29 ± 0 1.18 ± 0

Recession constant k ( - ) a

0.989

0.993

0.46
6.5 ±
0.12
0.54 ±
0
0.986

HRU Land use b

FRSE

FRSE2

COFF

PAST

105

105

205

305

Mean annual high flow (± SD) (mm day-1)a

HRU Soil

b

HRU Slope (%)c
35 - 99 0-35
0 - 35
a
López-Ramírez et al. (2020)
b
Estimated from SWAT-T setup (See text for explanation)
c
Estimated from SWAT-T setup (See section 2.4 in text for explanation)
Note: Where available, the standard deviation (SD) is provided
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0.37 ± 0
0.98

0 - 35

Abbreviations: a.s.l., above sea level; IF, intermediate forest; IP, intensive pasture; MF,
Mature forest; SC, shade coffee.
The Gavilanes catchment is the main source of water for the city of Coatepec, Veracruz,
Mexico (García et al., 2004), while the Pixquiac catchment provides 38% of the water
supply for the Veracruz state capital of Xalapa (Paré and Gerez, 2012). The general
climate is temperate humid (Garcia, 2004) with about 80% of the annual rainfall
occurring during the wet season (May-October). Mean annual rainfall ranges from 1120
mm to 3185 mm to 855 mm as elevation increases from 1200 m a.s.l. to 2100 m a.s.l. to
3000 m a.s.l., respectively. Mean daily temperatures decrease from 19° to 5°C from 1200
to 3000 m a.s.l. (Holwerda et al., 2013; Muñoz-Villers et al., 2012, Muñoz-Villers et al.,
2016). Annual values of cloud water interception account for less than 2% of the total
rainfall in the region (Holwerda et al., 2010).
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Figure 3-1: General location (a), the study area, including the Gavilanes and Pixquiac
catchments (b), and four micro-catchments with different land use: mature TMCF (MF),
intermediate TMCF (IF), shade coffee (SC), and pasture (IP) (c). The map includes sites
where the leaf area index (LAI) and soil physical properties were observed. Note the
codes presented in Legend correspond to the SWAT plant database (Neitsch et al., 2011).
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The MF micro-catchment is completely dominated by old-growth TMCF (>50 years old)
with low disturbance. IF is mainly covered by 40-year-old TMCF (>77% of the area) and
scattered pastureland and annual crops (mainly maize) located in the upper parts of the
catchment. The mean tree height in these micro-catchments is similar and ranges between
20 and 25 m (Vizcaíno-Bravo et al., 2020). These micro-catchments also have a similar
mean leaf area index (LAI), see Table 3-1. The SC micro-catchment has been completely
covered by shade coffee agroforestry for more than 80 years (Marín-Castro et al., 2016),
with 94% of the land area dominated by this land cover. This production system retains
some tree cover to provide shade to the coffee, but it exhibits a lower LAI (4.3 m2 m-2).
The IP micro-catchment was largely cleared more than 40 years ago (López-Ramírez et
al., 2020). Since then, pastures have been heavily grazed by sheep, goats, and cows (63%
of the land area), 29% are young forests and 8% is covered by urban and roads.
The soils in these areas are mainly classified as Umbric Andosols derived from volcanic
ash, with clay and silty clay as dominant textures (Campos, 2010; Paré and Gerez, 2012).
Mineral soil horizons are characterized by low bulk densities (<0.7 g cm−3) across land
cover types due to the abundance of non-crystalline materials and organic matter; thick
organic horizons (5-15 cm) often overly the mineral soil in TMCFs, but typically not in
pastures and coffee plantations. Soil profiles are generally deep (A + B horizons >1 m
and C + Cr horizons >10 m on ridges and backslopes) and moderately well developed
(Karlsen, 2010), favoring good water storage. The soils in the region are generally
underlined by andesitic saprolite, with high permeabilities ranging from 0.05 to 0.08 mm
hr−1 (Karlsen, 2010; Muñoz-Villers and McDonnell, 2012). Although we did not
measure bedrock hydraulic properties here, we observed the presence of saturated
saprolite on various road cuts in our study sites. Field-saturated hydraulic conductivities
are generally higher in TMCF areas in comparison to pasture and coffee (López-Ramírez
et al., 2020).
3.3.2 The Soil and Water Assessment Tool (SWAT)
SWAT is a process-based, spatially distributed, continuous hydrological model (Arnold
et al., 1998). This model allows the simultaneous simulation of hydrology, plant growth,
sediment transport, and nutrient balances (Heidari et al., 2019). In SWAT, a basin is
partitioned into sub-basins, which in turn, are subdivided into hydrological response units
(HRUs) that represent a unique combination of land use, soil type, and slope class
(Abiodun et al., 2018). SWAT includes five storage types to calculate the water balance:
snow, the canopy, the soil profile, and the shallow and deep aquifers (Neitsch et al.,
2011). When precipitation falls on any given day, canopy storage must be filled before
any water is allowed to reach the soil surface. This process is controlled by the maximum
amount of water that can be trapped in the canopy (CANMX) and the LAI. SWAT
removes as much water as possible from canopy storage (up to the daily PET); this
evaporation of intercepted rainfall is especially significant in forests (Neitsch et al.,
2011). The model does not incorporate processes such as fog interception, which can be
an important hydrological input in TMCF. This omission is unlikely to affect model
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performance in our study area, as detailed micrometerological measurements have
indicated that this process contributes relatively little to local water balance (Holwerda et
al., 2010).
SWAT simulates ET as the sum of the evaporation from the canopy and from the soil, as
well as plant transpiration. A comprehensive outline of ET calculations in SWAT is
presented by Abiodun et al. (2018). SWAT has two important limitations that produce a
significant underestimation of ET during the autumn and winter seasons in the tropics
(Alemayehu et al., 2017). First, it assumes that trees and perennials enter a period of
dormancy, at which point the LAI is set to a minimum value close to zero (Neitsch et al.,
2011). This assumption does not realistically represent the seasonal dynamics
(phenology) of foliage in the tropics in general or in the study area in particular
(Williams-Linera, 1999, Alemayehu et al., 2017). Second, when leaf senescence exceeds
leaf growth, SWAT models LAI with a linear decline usually dropping to zero (Neitsch et
al., 2011), which rarely happens in humid tropical forests.
This study uses SWAT-T, which is a model version where the plant growth subroutine
was adapted to basins located between 20° N and 20° S (Alemayehu et al., 2017).
SWAT-T incorporates the logistic decline curve to model leaf senescence as suggested by
Strauch and Volk (2013). Additionally, in this model the beginning of the new growth
cycle for trees and perennials is triggered by a Soil Moisture Index, which occurs within a
period defined by the user as the months at the end of the dry season (SOS1) and the
beginning of the rainy season (SOS2). This formulation provides more flexibility for
adjusting the growth cycle depending on the climatic and phenological characteristics of
the study area and thus ensures more realistic ET simulations.
The curve number method (CN2) (Soil Conservation Service, 1972) is included in the
SWAT and SWAT-T models to regulate the occurrence of surface runoff. The available
soil water capacity (SOL_AWC) in different soil horizons controls the soil water storage
at different soil depths. The hydraulic conductivity of the soil and the slope length for
lateral subsurface flow (SOL_K and SLSOIL, respectively) determine the lateral flow
travel time and regulate the lateral flow rate in the soil profile. Two parameters largely
control the groundwater response: the groundwater delay (GWDELAY) represents the
drainage time of the overlying geologic formations (days), while the baseflow recession
constant (ALPHA_BF) represents the groundwater flow response to changes in recharge.
The maximum canopy storage (CANMX) controls the maximum amount of water that
can be intercepted and stored in a fully developed canopy. Finally, the soil evaporation
factor (ESCO) is used to configure the contribution of soil water from different soil
depths to evaporation. For a more detailed description of the model parameters, please
refer to Neitsch et al. (2011).
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3.3.3 Data for the SWAT model evaluation
Leaf area index
We combined ground-based leaf area index (LAI) measurements with MODIS satellite
products. Maximum LAI was measured with the LAI-2200C Plant Canopy Analyzer (LICOR, 2019) over a 500-m transect in ten plots with dominant land covers at different
elevations: two mature TMCF (> 50 yr-old), two intermediate age TMCF (20 – 40 yrold), two shade coffee plantations, three treeless agricultural land covers (maize, sugar
cane, and pasture), and one pine forest (Figure 3-1). These measurements were taken
during the rainy season (July 8 to August 20, 2019) in the early morning hours (6:45 a.m.
to 8:00 a.m.), before sunset, or under cloudy conditions to avoid scattering effects. The
MODIS satellite (Terra and Aqua) provide estimates of LAI on a 500-m grid every eight
days at a world scale (Myneni et al., 2015). We extracted and analyzed 231 MODIS LAI
composites from June 2014 to August 2019 to estimate the average daily LAI values for
10 pixels with homogeneous land covers representative of our LAI sampling sites.
Clouds were masked, and mean LAI values were predicted for each day of the year by
fitting local polynomial regressions (Ripley, 1998) in the stats Package (R Core Team,
2019) to the eight-day MODIS LAI estimates pooled across years (2014-2019).
Finally, we rescale the smoothed daily LAI using the observed LAI for each of our sites.
In pine forests, we used the default SWAT max LAI value (5.0) since we did not have an
accurate needle-to-shoot area ratio to adjust the observed LAI. In general, we observed
that the MODIS algorithm (Myneni et al., 2015) produced acceptable results in the
broadleaf forest (i.e., TMCF) and in the pine forest, while it significantly overestimated
LAI in the shade coffee and in the pasture (Figure 3-3). These smoothed and rescaled
MODIS LAI models were used to calibrate the SWAT-T vegetation growth module for
simulating LAI (Figure 3-3).
Table 3 presents the SWAT-T model parameters that were adjusted during the manual
calibration process. Initially, the minimum LAI (ALAI_MIN) and maximum potential
LAI (BLAI) for each land cover class were based on the ground-based MODIS LAI
model, which corresponds well with independent measurements in the study area
(González-Martínez and Holwerda, 2018). The shape coefficients for the LAI curve
(FRGRW1, FRGRW2, LAIMX1, LAIMX2) and the remaining parameters were adjusted
by a trial-and-error process, based on values reported in the literature (i.e., Strauch and
Volk 2013, Alemayehu et al., 2017), such that the SWAT-T-simulated LAI mimics the
rescaled MODIS LAI.
Streamflow at the Gavilanes catchment
We used a two-year daily streamflow series from the Gavilanes catchment streamflow
gauge (5/2/2015 - 4/30/2017). Water levels were measured every 10 min using water
level sensors paired with barometric pressure recorders. Recorded levels were converted
to streamflow (L s-1) using experimental stage-discharge relationships based on rating
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curves derived from salt dilution measurements of discharge (Moore, 2005). The
streamflow data were resampled (mean) to daily timesteps (Figure 3-4).
Streamflow at four micro-catchments
Within each micro-catchment (Figure 3-1c), streamflow and rainfall were measured from
2015 to 2019. For streamflow, V-notch weirs were installed at each micro-catchment
outlet, and the water level was logged every 1.5 minutes using a Solinst water level
sensor (model 3001) paired with a barometric pressure recorder (model 3001). We
calculated the streamflow (L s-1) using field-derived rating curves generated via
volumetric and salt dilutions measurements of discharge (Moore, 2005). Please see
López-Ramírez et al. (2020) for more details.
3.3.4 Methodology
The methodological approach presented in Figure 3-2 consisted of setting up SWAT-T
models to use each of the three PET methods, followed by a manual calibration of plant
growth and canopy interception capacity. Next, an automated calibration and sensitivity
analysis was performed for each model. This step started with selection of the most
sensitive parameters using measured daily discharge at the outlet of the Gavilanes river
catchment. Next, unique parameters were selected using statistics of fit and signature
metrics for five segments of the daily flow duration curve. This step concluded with a
temporally distributed sensitivity analysis to identify the dominance of parameters
controlling different hydrological processes. The models were later run with the
previously identified sets of “optimal” parameters and evaluated for streamflow at four
Hydrological Response Units (HRUs) corresponding to the four monitoring microcatchments with contrasting dominant land use.
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Figure 3-2: General modeling framework adopted in this study for the evaluation of
SWAT-T.
3.3.4.1 Model set up and data preparation
The SWAT-T model was set up for land use conditions representing the year 2013 (Von
Thaden et al., 2019). The land cover map contained seven classifications: pine, mature
TMCF, intermediate age TMCF, crop, pasture, coffee, and human settlements. These
land cover classes were input into the model setup using the categories from the SWAT
database that are presented in Figure 3-1b: pine (PINE), forest-evergreen (FRSE), forestevergreen (FRSE2), agricultural land-generic (AGRL), pasture (PAST), coffee (COFF),
residential medium density (URMD). FRSE and FRSE2 have different LAI values
corresponding to mature and intermediate TMCF, respectively. We assigned the
characteristics of each category in the SWAT plant database (Neitsch et al., 2011). We
used the soil classes from the INEGI database (INEGI, 2007) and field data to populate
the soil database in SWAT-T (see Table 3-2 for more details).
The model was set up to capture the elevation, slope, land use, and soil class
corresponding to the predominant conditions in the Gavilanes catchment and in the four
monitored micro-catchments (Table 3-1). ArcSWAT version 2012 (Winchell et al., 2013)
was used to set up the SWAT-T model. A digital elevation model (DEM) with a 15-m
resolution (INEGI, 2012) was used to delineate the catchments. The study area was
divided into 17 sub-catchments. Two slope classes were defined, with slope ranges of 0 35% and >35%, respectively. The sub-catchments were further subdivided into
hydrological response units (HRUs). Small HRUs were removed from the model setup;
specifically, HRUs with shares of total area below thresholds of 5, 20, and 20% for land
use, soils, and slope were eliminated from the setup and their areas were apportioned to
the remaining HRUs. These thresholds were selected for retaining the dominant land
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covers, maintaining individual HRUs for the four monitored micro-catchments, and
keeping the computational costs manageable. In total, the model setup resulted in 140
HRUs.
The list of hydroclimatological and spatial data used to set up the SWAT model is
presented in Table 3-2. Maximum and minimum daily temperature and daily precipitation
data were compiled from ten weather stations: four corresponding to the Mexican
National Weather Service (SMN, 2020), three from López-Ramírez et. al. (2020), and
three operated by the National Autonomous University of Mexico (UNAM). Monthly
average relative humidity, solar radiation, and wind speed were available only for the
UNAM and López-Ramírez (2020) stations, which were assigned to the rest of the
weather stations, considering the similarity in terms of elevation and the shortest distance.

Table 3-2: Input data for the SWAT-T model setup, the data sources, and data processing
steps.
Input dataset

Source

Data preparation

Topography

INEGI (2012)

Digital Elevation Model for
Mexico in 15 m resolution.

Land use

Von Thaden et al., (2019)

Supervised classification of
Landsat imagery from the dry
season (> 500 ground-based land
cover reference data)

Soil data

INEGI (2007), Daniel Geissert
(unpublished data, 2010), and
Nathaniel Looker (unpublished
data, 2018)

Soil classes from (INEGI, 2007)
and pooling soil data collected in
more than 100 sites.

Climate

SMN, (2020), López-Ramírez
et al., (2020), and UNAM

Daily min and max temperature
and precipitation. Monthly
average of solar radiation, wind
speed and relative humidity.
(Jan 2014- Dec 2017)

Discharge
Gavilanes

Lyssette E. Muñoz-Villers
(Unpublished data)
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10 min discharge, resampled
(mean) to daily (May 2015- Apr
2017)

Discharge micro
catchments

Leaf area index

López-Ramírez et al., (2020)

3 min discharge, resampled
(mean) to daily (Jul 2016- Aug
2019)

LAI ground measurements with
LI-COR Biosciences (2019)

LAI measurements using LICOR Canopy Analyzer.

MODIS time series (Myneni et
al., 2015)

MOD15A2 (500 m/8-day from
Jun 2014 to Aug 2019)

3.3.4.2 Manual model calibration
In the study region, the TMCF consists of a mix of deciduous, semi-deciduous (e.g., leafexchanging) and evergreen species of tropical and temperate biogeographical origins
(Williams-Linera,1999, Williams-Linera et al., 2013). Most of the semi-deciduous
species are of temperate origin, which shed their leaves during the early and mid-dry
season and leaf out during the mid to late dry season (Borchert et al., 2005). We manually
defined the end of the dry season and the beginning of the rainy season (SOS1 = January,
and SOS2 = February, respectively), where a new vegetation growth cycle takes place
(Alemayehu et al., 2017). The SWAT-T parameters that control the shape, the magnitude
and the temporal dynamics of LAI were manually adjusted to reproduce the values of the
rescaled MODIS LAI for each land cover class (Table 3-3). This procedure was repeated
for the parameterization of the maximum canopy storage capacity (CANMX). CANMX
was determined for mature TMCF (3.3 mm), intermediate TMCF (1.8 mm), pine forest
(1.2 mm), and shade coffee (1.6 mm). These values were obtained from measurements of
throughfall and stemflow in these land covers at different elevations in the study
catchments (González-Martínez and Holwerda, 2018, Holwerda et al., 2010, Holwerda et
al., 2013, Muñoz-Villers et al., 2015).
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Radiation-use efficiency ((kg/ha)/(MJ/m2))
Maximum potential leaf area index (m2
m−2)

BIO

PHU

ALAI_MIN

T_BASE

DLAI

Fraction of total PHU when leaf area begins
to decline
Minimum temperature for plant growth (◦C)
Minimum leaf area index for plant during
dormant period (m2 m−2)
Total number of heat units needed to bring
plant to maturity
0

6000

0.99

18

0
0

1

1

1

1

1

10

90

Max

0.15

0

0

Fraction of BLAI corresponding to the first
point on the optimal LAI curve

LAIMX1
Fraction of BLAI corresponding to the
second point on the optimal LAI curve

0

Fraction of PHU corresponding to the
second point on the optimal LAI curve

FRGRW2

LAIMX2

0

Fraction of PHU corresponding to the first
point on the optimal LAI curve

0.5

10

Min

FRGRW1

BLAI

Parameter definition (unit)

Parameter

LAI

LAI

LAI

LAI

LAI

LAI

LAI

LAI

LAI

LAI

Variable

5708(5500)

0.75(3.5)

0(8)

0.99(0.15)

0.99(0.98)

0.7(0.75)

0.25(0.25)

0.15(0.1)

5(6.43)

FRSE
15(15)

5708(5500)

0.75(3.5)

0(8)

0.99(0.15)

0.99(0.98)

0.7(0.75)

0.25(0.25)

0.15(0.1)

5(5.93)

FRSE2
15(15)

1800(4000)

0.75(3.5)

0(5)

0.99(0.15)

0.99(0.98)

0.7(0.7)

0.25(0.5)

0.15(0.15)

5(5)

PINE
15(15)

4(5)

PAST
34(10)

1481(3000)

0(0.1)

12(5)

0.99(0.8)

0.95(0.99)

0.05(0.4)

0.49(0.5)

0.05(0.15)

Default (calibrated)

1800(4500)

0.75(2.5)

10(10)

0.99(0.3)

0.95(0.99)

0.05(0.7)

0.4(0.5)

0.05(0.15)

1.35(3.9)

COFF
10(10)

Table 3-3: SWAT-T parameters used to manually calibrate LAI with their default and calibrated values, note: FRSE2
corresponds to Intermediate age forests and uses the same default parameters of FRSE.

3.3.4.3 Automated calibration and evaluation
Parameter selection
In a parameter screening, we ran a global sensitivity analysis (GSA) to the simulation of
discharge at the Gavilanes catchment outlet for the SWAT-T models using each PET
method to identify the most influential parameters. We explored 23 model parameters
that are frequently calibrated in SWAT to simulate discharge (see Arnold et al., 2012,
Mehdi et al., 2018, Schürz et al., 2019, Meins, 2013, for a description of the relevant
model parameters controlling the water balance). The ranges and types of parameter
changes represent typical procedures often found in the SWAT literature. An overview of
the model parameters that were identified as influential and that were further used in the
model is provided in Table 3-4. We employed the Fourier Amplitude Sensitivity Test
(FAST) algorithm (Cukier et al., 1973) included in the R fast package (Reusser, 2015)
and integrated as part of the SWATplusR workflow (Schürz, 2019) to screen and rank the
model parameters. A parameter was selected as important if it was within the most
sensitive parameters, employing the Kling–Gupta Efficiency criterion (KGE) for daily
streamflow, including its three components (Gupta et al., 2009). The GSA performed for
the model parameters of the three PET models yielded similar results for the first 14
parameters. However, LAT_TTIME is a function of two parameters (SLSOIL and
SOL_K) (Neitsch et al., 2011), thus we decided to adjust the two independent parameters.
Therefore, we employed 13 parameters during the calibration for the three models (Table
3-4).
Table 3-4: SWAT-T model parameters used during the sensitivity analysis and automated
calibration for the three PET models of the Gavilanes catchment.
Parameter
SOL_AWC
SOL_K
SOL_Z
ALPHA_BF
GW_DELAY
GW_REVAP
GWQMN
RCHRG_DP
REVAPMN

Description
Available water capacity in the soil
[-]
Saturated hydraulic conductivity of
the soil [mm/hr]
Depth of the soil layer [mm]
Base flow alpha factor (day-1)
Ground water delay [days]
Ground water revap coefficient [-]
Threshold depth of water in the
shallow aquifer required for return
flow to occur [mm]
Deep aquifer percolation fraction
[fraction]
Threshold depth of water in the
shallow aquifer for revap to occur
[mm]
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Alteration

min

max

Used for
calibration

Multiply

0.35

0.35

X

Multiply

-0.8

0.8

X

Multiply
Replace
Replace
Replace

-0.3
0
0
0.02

0.3
0.3
500
0.2

X
X

Replace

0

2000

Replace

0

1

Replace

0

500

Parameter

Description

Specific yield of the shallow aquifer
(m3/m3)
Hydraulic conductivity of the
CH_K2
channel [mm/hr]
Manning’s coefficient of the
CH_N2
channel [-]
Baseflow alpha factor for bank
ALPHA_BNK
storage (day-1)
CANMX
Maximum canopy storage [mm]
EPCO
Plant uptake compensation factor [-]
Soil evaporation compensation
ESCO
factor [-]
HRU_SLP
Average slope steepness [m/m]
SLSUBBSN
Average slope length [m]
LAT_TTIME Lateral flow travel time
Slope length for lateral subsurface
SLSOIL
flow
Depth to impervious layer for
DEP_IMP
modeling perched water tables
CN2
Curve Number [-]
SURLAG
Surface runoff lag coefficient [-]
GW_SPYLD

Used for
calibration

Alteration

min

max

Replace

0

0.4

Replace

5

130

X

Replace

0

0.3

X

Replace

0

1

X

Multiply
Replace

-0.3
0

0.3
1

X

Replace

0

1

X

Multiply
Multiply
Replace

-0.2
-0.3
0

0.2
0.3
180

X

Replace

0

150

X

Replace

0

6000

X

Add
Replace

-15
0

15
10

X

Identification of non-unique parameter sets
To facilitate the analysis of the SWAT-T model performance and separate the effects of
particular PET methods on model output, we selected a series of simulations with nonunique parameter sets (Schürz et al., 2019). We simulated daily discharge for each model,
using the Latin Hypercube Sampling method, with the R package lhs (Carnell 2019), to
select 3000 random samples for the parameter combinations of the 13 most influential
parameters that we previously identified. We evaluated simulations using signature
metrics and a statistical performance metric (KGE). The ratio of the root mean square
error to the standard deviation (RSR, Moriasi et al., 2007) was calculated for five
segments of the flow duration curve (FDC): very high (0-5% days of exceedance), high
(5-20%), medium (20-70%), low (70-95%), and very low flows (95-100%), as suggested
by Pfannerstill et al. (2014). RSR varies from an optimal value of 0, which indicates a
perfect model simulation, to a large positive value. This evaluation method has been
shown to lead to an improved selection of good calibration runs since it captures different
parts of the hydrograph (Pfannerstill et al., 2014). We simultaneously identified the best
1500 runs out of 3000 for the five-signature metrics (Minimize RSR), followed by the
selection and comparison of the best ten simulations with maximum KGE for each PET
method.

53

Evaluation of streamflow in four micro-catchments with different land covers
All identified non-unique parameter sets were subsequently applied individually to the
SWAT-T model (Mehdi et al., 2018), and the model simulations were evaluated in the
four HRUs with contrasting dominant land covers (Table 3-1). These HRUs largely
resemble the soil, slope, vegetation, and elevation conditions observed in the four
monitored micro-catchments. First, we visually compared the simulated and observed
FDCs. Second, we estimated the percentage bias (PBIAS) criteria for the annual ratio
between average daily runoff and average daily rainfall (Q/P), for the mean annual daily
high flow(Q5), and for the mean annual daily low flow (Q95).
Evaluation of Evapotranspiration (ET)
We compared the actual evapotranspiration (ET) predicted by SWAT-T with ET
estimated from local meteorological data on the ET/ ET0 ratios for different vegetation
covers. First, we calculated the reference evapotranspiration (ET0) following FAO
guidelines (Allen et al., 1998) and using the available meteorological data for the study
period at four sites with contrasting vegetation covers (Table 3-8). Next, ET was obtained
by multiplying ET0 by the ratio of ET to ET0 reported for FRSE, FRSE2, and PINE by
Muñoz-Villers et al. (2015) and for COFF by Holwerda et al. (2013). These ET values
were directly compared with ET predicted in the corresponding HRUs by a calibrated
SWAT-T model, applying the best set of previously identified parameters for each PET
method.
Temporally distributed parameter sensitivity analysis
The temporally distributed parameter sensitivity analysis (TDSA) is used to identify
deficiencies in the model structure as a function of time of year (Pfannerstill et al., 2015,
Haas et al., 2015, Guse et al., 2014, Guse et al., 2016, Guse et al., 2019). A TDSA was
applied to the three SWAT-T models to obtain daily temporal parameter sensitivities,
which were later summarized at monthly intervals (Guse et al., 2016) to derive
information about the dominant hydrological processes during the wet and dry seasons.
We simulated daily discharge for each model in the Gavilanes catchment, again using the
Latin Hypercube Sampling to select 1500 random samples for the combinations of eight
parameters (Table 3-5). To study the temporal dynamics of the parameterization on the
simulation of daily discharge for the three PET methods we employed the R package
temPAWN (Schürz, 2020), which calculates the daily PAWN (derived from the authors
names) sensitivity index according to Pianosi and Wagener (2018) for each time step of a
simulation. PAWN is moment-independent and is a suitable method for asymmetrically
distributed outputs of models (Zadeh et al., 2017). PAWN (Pianosi and Wagener, 2015)
has shown to be effective for parameter ranking, including various applications with the
SWAT model (Zadeh et al., 2017, Pianosi and Wagener, 2018, Schürz et al., 2019). Table
3-5 lists the model parameters selected to assess parameter sensitivity for each hydrologic
process: surface runoff, lateral flow, groundwater flow, evaporation, interception, and
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soil water storage. The parameters that control surface runoff, soil water storage, lateral
flow and rainfall interception were modified spatially, while the parameters controlling
groundwater were altered globally.
Table 3-5: Selection of parameters and their ranges for the temporal sensitivity analysis.
Parameters are paired with the hydrological process they control.
Parameter name

Abbreviation

Process

Curve Number [-]

CN2

Surface runoff

SOL_AWC

Available water capacity in
the soil [-]
Hydraulic conductivity of the
soil [mm/hr]
Slope length for lateral
subsurface flow
Groundwater delay [days]
Base flow factor [-]
Maximum canopy storage
[mm]
Soil evaporation
compensation factor [-]

Alteration min

max

Add

0.15

0.15

Soil water storage

Multiply

-0.4

0.4

SOL_K

Lateral flow

Multiply

-0.8

0.8

SLSOIL

Lateral flow

Replace

0

150

GW_DELAY
ALPHA_BF

Groundwater
Groundwater

Replace
Replace

0
0

500
0.3

CANMX

Interception

Add

0

4

ESCO

Evapotranspiration

Replace

0

1

3.4 Results
3.4.1 LAI simulation
We evaluated the degree of agreement between daily MODIS LAI with the calibrated
SWAT-T simulated LAI using visual comparisons and statistical measures. From the
qualitative inspection (see Figure 3-3), it is apparent that the annual growth cycle of each
land cover class from the calibrated SWAT-T model corresponds well with the MODIS
LAI model rescaled with field data. In quantitative terms, the calibrated models exhibited
generally strong correlations — 0.67 (FRSE), 0.89 (FRSE2), 0.92 (PAST), 0.47 (PINE),
and 0.64 (COFF) — during the calibration period. The greatest mismatch in LAI was
found for PINE, most likely because only one site was used to measure LAI for this land
use.
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Figure 3-3: Annual LAI as simulated by SWAT-T plant growth using calibrated SWATT parameters and the rescaled MODIS annual growth model (red line). The black line
represents the original smoothed MODIS annual growth model. The green band denotes
the area between the 25 and 75th quantile of the corresponding HRUs. (See explanations
in the text.)
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3.4.2 Streamflow simulations at the Gavilanes catchment
Visual comparisons of daily simulated streamflow hydrographs with observed
streamflow over the calibration period for the three PET methods suggest fairly good
concordance (Figure 3-4a). However, the quantitative results presented in Table 3-6 show
that the HA method exhibited a higher KGE and NSE while producing the lowest PBIAS.
The PM method on the other hand showed the poorest ability of calibrated models to
reproduce observed streamflow (lower NSE and KGE, and larger PBIAS). These
statistical results were consistent with the results from the signature metric analysis,
where HA consistently exhibited the lowest RSR for the five parts of the FDC, and, once
again PM exhibited the larger RSR for all the segments of the FDC. These results are
more evident in Figure 3-4b, where we can observe narrower uncertainty bands for HA.
At very low flows, however, the three PET methods produced similar results, exhibiting
high RSR values, due to the likely high uncertainty in the simulated and measured very
low flows.
Table 3-6: Final selection of best model calibration runs after applying 5 FDC
performance metric-based selection. The mean value for all indices of fit is presented for
each PET method for comparison of performance.
Sim

PET

Calibration run

KGE

NSE

PBIAS

R2

1
2
3
4
5
6
7
8
9
10

PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
Mean
PT
PT
PT
PT
PT
PT
PT
PT
PT
PT
Mean
HA

831
2293
1146
525
1480
875
2216
2871
2822
515

0.51
0.48
0.42
0.49
0.44
0.38
0.41
0.44
0.42
0.45
0.44
0.63
0.58
0.59
0.64
0.71
0.68
0.63
0.58
0.66
0.59
0.63
0.74

0.07
0.13
-0.08
0.06
0.06
-0.05
0.03
0.00
0.12
-0.07
0.03
0.20
0.34
0.21
0.47
0.48
0.45
0.47
0.23
0.42
0.36
0.36
0.47

22.70
19.60
27.10
31.00
21.00
28.30
21.90
28.70
15.60
28.50
24.44
12.20
18.70
27.20
15.50
-16.20
9.80
11.90
23.20
10.40
9.90
12.26
14.90

0.61
0.67
0.64
0.70
0.67
0.71
0.69
0.68
0.69
0.63
0.67
0.48
0.71
0.66
0.75
0.70
0.66
0.73
0.66
0.67
0.68
0.67
0.62

1
2
3
4
5
6
7
8
9
10
1

2953
2311
2873
764
1813
1938
716
456
1544
600
2059
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RSR
Q5

Q5-20

Q20-70

Q70-95

Q95

5.36
5.67
5.97
6.27
6.44
7.13
7.17
7.31
8.31
8.52
6.81
1.24
3.51
3.52
3.96
4.23
4.36
5.34
5.74
6.60
6.86
4.54
1.36

3.39
3.87
4.26
3.78
4.70
4.93
4.26
3.57
3.35
2.86
3.90
2.14
3.80
3.50
3.00
0.99
1.59
2.38
2.63
1.30
1.77
2.31
1.42

1.03
0.85
1.22
1.31
0.61
1.06
0.85
1.26
0.53
1.11
0.98
0.72
0.79
1.12
0.56
1.15
0.40
0.40
0.94
0.30
0.37
0.67
0.62

0.88
0.53
0.57
1.91
0.92
1.08
0.78
1.48
0.66
1.86
1.07
0.64
0.62
2.07
0.76
1.44
0.78
0.83
1.77
0.97
0.60
1.05
1.69

3.29
2.75
2.24
2.96
3.33
2.74
3.10
1.93
2.86
3.27
2.85
2.87
2.52
3.02
2.86
0.90
3.33
3.30
3.33
3.32
2.73
2.82
2.55

Sim

PET

Calibration run

KGE

NSE

PBIAS

R2

2
3
4
5
6
7
8
9
10

HA
HA
HA
HA
HA
HA
HA
HA
HA
Mean

2312
1880
770
1513
2787
546
541
2638
686

0.80
0.83
0.71
0.84
0.72
0.71
0.71
0.70
0.72
0.75

0.61
0.65
0.51
0.69
0.44
0.47
0.52
0.51
0.51
0.54

8.20
-1.10
8.10
3.80
6.00
1.30
7.90
3.20
-5.90
4.64

0.70
0.71
0.69
0.74
0.61
0.64
0.69
0.69
0.67
0.67

58

RSR
Q5

Q5-20

Q20-70

Q70-95

Q95

1.51
2.57
2.79
2.84
2.91
3.79
5.50
5.54
5.75
3.46

1.31
0.50
2.05
0.58
1.44
1.00
1.18
0.84
0.45
1.08

0.31
0.49
0.44
0.22
0.40
0.47
0.27
0.39
0.69
0.43

1.02
0.69
0.42
0.88
0.73
0.44
0.92
0.48
0.47
0.77

2.57
3.28
2.52
3.33
3.16
2.11
3.43
2.63
2.03
2.76

Figure 3-4: Calibrated simulations of discharge at the Gavilanes outlet using the best 10
sets of non-unique parameters for each PET method (a) and their corresponding flow
duration curves (b), black line represents observed discharge. Figures include an alpha
factor = 0.5, adding transparency to the color bands with darker tones indicating areas of
overlap.
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3.4.3 Model performance at the four micro-catchments
Qualitatively, the three PET methods showed good performance in simulating different
phases of FDC for the MF and SC. Additionally, all PET methods accurately simulated
the high, mid and low flows in the IF (Figure 3-5). However, SWAT-T clearly failed to
capture the very low flows observed in IF. An unexpected result was that the model
largely overestimated the low and very low flow dynamics in the IP, probably to due to
the global calibration of groundwater parameters. The statistical results (Table 3-7)
confirm these findings, where the three PET methods exhibited extremely high mean
PBIAS (> 400) for mean annual low flow (Q95) in the IP micro-catchment. Additionally,
the three models underestimated Q95 in the MF and IF HRUs. For mean annual high flow
(Q5) the PM and PT methods exhibited slightly better performance than HA.

Figure 3-5: Streamflow simulations resulting from the identified sets of non-unique
parameters evaluated at four micro-catchments with contrasting dominant land covers.
Figure includes an alpha factor = 0.5, this adds transparency to the color bands and darker
tones of the colors represent overlapping areas.
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Table 3-7: PBIAS for different streamflow metrics in four monitored micro-catchments.
Positive values indicate overestimation, values close to 0 are considered excellent and up
to 25% are considered satisfactory (Moriasi et al., 2007).
Metric

MF

IF

SC

IP

PBIAS Q/P

4.30

5.19

24.08

2.83

PBIAS Q5

11.53

47.59

9.91

19.45

PBIAS Q95

-17.01

-55.12*

53.12

476.00*

PBIAS Q/P

-7.82

-14.97

0.98

-9.62

PT

PBIAS Q5

-6.08

19.18

-12.03

-2.88

-11.42
-20.15

-62.59*
-39.12

24.54
-23.99

420.80*
-18.64

HA

PBIAS Q95
PBIAS Q/P
PBIAS Q5

-16.35

-5.52

-26.90

-2.29

-20.66

410.20*

PM

PBIAS Q95

*

-23.43

-72.17

*Systematic errors

3.4.4 Evapotranspiration in contrasting land covers
Comparisons of ET as predicted by the best calibrated SWAT-T model using three PET
methods with ET estimated based on local data from the ratio of the actual (ET) to
potential (ET0) evapotranspiration revealed that ET estimated using the HA method more
closely matched ET based on local data (Table 3-8). However, our results also show that
the HA method overestimates ET in COFF by 28% at lower elevations (1210 m a.s.l.),
while underestimating ET in FRSE by 27% and by 8% in FRSE2 at 2170 (m a.s.l.). PM
and PT methods present higher underestimation of ET for these same forest sites.
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Table 3-8: Comparison of ET predicted by the best calibration run for each PET method
in SWAT versus ET obtained using the FAO Penman-Monteith reference
evapotranspiration method and local Kc values.
Elevation
(m a.s.l.)

Kc
(ET/ET0)

ET0

ET

(mm yr-1)

(mm yr-1)

PMc

PT d

HAe

FRSE

2170

1.55a

919

1424

726

934

1044

FRSE2

2170

1.24a

919

1139

708

933

1044

PINE

2180-2480

0.58-1.00

919

532-919

660

935

1044

COFF

1210

0.98

1090

1069

845

1138

1366

LC

a

a

b

Muñoz-Villers et al. 2015
Holwerda et al. 2013
c
Calibration run 831, see Table 6 for details
d
Calibration run 2953, see Table 6 for details
e
Calibration run 2059, see Table 6 for details

ET SWAT (mm yr-1)

b

3.4.5 Temporal sensitivity analysis
Monthly averages of sensitivity results for each model parameter were very similar for
the three PET methods. A marked dominance of lateral flow was detected throughout the
year, with an important contribution of groundwater. The highest significance of
groundwater parameters occurred at the end of the wet season (October and November),
during the transition between the wet and dry seasons (hydrograph recession). Low
influence of surface runoff is observed, except in the middle of the rainy season (JulySeptember) when this parameter plays a slightly more significant role.
Evapotranspiration, interception, and soil water storage parameters did not influence
streamflow (Figure 3-6); this may be due to the availability of water throughout the year,
but it seems counterintuitive when contrasted against local data, as discussed in the
following section.
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Figure 3-6: Mean monthly averaged parameter sensitivities for the three PET methods
(PM, PT, and HA) evaluated at the Gavilanes catchment. Parameter sensitivity is
presented relative to a dummy variable, parameters with a darker tone had a
correspondingly more significant effect on streamflow. Dotted lines denote the beginning
and the end of the wet and dry seasons. See the text for an explanation of each parameter.
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3.5 Discussion
3.5.1 Suitability of the SWAT-T model to simulate discharge in a tropical
montane catchment influenced by cloud forest
SWAT-T (Alemayehu et al., 2017) was capable of accurately simulating LAI in TMCF
areas of central Veracruz, Mexico (Figure 3-3). Overall, the rescaled MODIS LAI model
effectively represented the annual growth dynamics when compared with independent
LAI observations. In mature TMCF, the average LAI measured for the dry and wet
seasons was 4.1 and 5.9, respectively (González Martínez and Holwerda, 2018). The LAI
model also provided good results when compared with shade coffee plantations where
minimum LAI was 2.7 in December 2016 and maximum LAI was 3.9 in July 2017
(Holwerda and Meesters, 2019). Furthermore, the SWAT-T-simulated LAI corresponded
well with the MODIS LAI annual growth model (an average R2 of 0.71 for all land
covers).
SWAT-T was capable of incorporating local data on the maximum canopy storage
capacity for the land covers. However, the formulation of SWAT-T did not allow realistic
simulation of the effect of rainfall interception in forested areas. In the study region,
rainfall interception and canopy storage capacity have been reported in the literature
using measurements of rainfall, throughfall, and stemflow combined with the Liu Model
(Liu, 2001) in two mature TMFC sites (CANMX1 = 3.3 mm, I1 = 17% of P, CANMX2 =
1 mm, I2 = 15% of P) (Holwerda et al., 2010, González Martínez and Holwerda, 2018), a
19-year old TMCF site (CANMX1 = 1.5 mm, I = 8% of P) (Holwerda et al., 2010), and
a shade coffee plantation (CANMX = 0.5 mm, I = 8% of P) (Holwerda et al., 2013).
Results of rainfall interception were also reported for 10 yr-old and 30 yr-old pine (Pinus
patula) plantations (I = 7% of P and 5% of P, respectively) (Muñoz-Villers et al., 2015).
Furthermore, rainfall interception values reported for other montane cloud forests vary
between 8 and 46% of P (Bruijnzeel et al., 2011). Thus far, all of the SWAT models
underestimated rainfall interception (I <4 % of P, for all land covers).
These values strongly suggest that in these environments, interception is an important
component of the water balance for mature TMCF. Thus, it follows that the conversion of
mature TMCF to other land covers is associated with a decrease in rainfall interception
from around 16% of P to 7% of P and that CANMX varies from 0 up to 4 mm.
Nevertheless, the temporally distributed sensitivity analysis (Figure 3-6), tells a different
story, where interception has a minimal effect on streamflow for all the SWAT models,
even during the dry season. This result can be explained by the fact that SWAT limits
daily evaporation from the canopy by daily PET (Figure 1 of Abiodun et al., 2018,
Neitsch et al., 2011). This formulation underestimates the actual evaporation from the
wet forest canopy, which is enhanced by the extraction of sensible heat from the
atmosphere facilitated by the low aerodynamic resistance of forest (Stewart, 1977,
Shuttleworth and Calder, 1979). This point requires further review, and we suggest that
the SWAT model allow the canopy storage capacity to empty daily, as assumed by
simpler, widely accepted interception models such as the Liu model (Liu, 2001).
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The SWAT-T model was able to satisfactorily simulate streamflow during the calibration
period as can be observed in Figure 3-4 and verified by acceptable goodness of fit indices
(Table 3-6). The incorporation of a multi-metric framework that considers five segments
of the FDC (Pfannerstill et al., 2014) improved the identification of the best parameter
sets. However, calibrating the models was challenging for very high and low flow
conditions. In our study, we were able to improve the model calibration by relaxing the
conditions for the simultaneous selection of the best 50% quantile for the five segments
of the FDC. While other researchers have used more restrictive conditions for selecting
simulations, including the best 20% quantile by Pfannerstill et al. (2014), and the best
25% quantile used by Guse et al. (2020), we observed that our more relaxed approach
was effective in enhancing overall model performance and parameter identification.
The temporally distributed sensitivity analysis suggested a low influence of surface
runoff, an intermediate influence of groundwater, and the dominance of lateral flow in
estimating streamflow response (Figure 3-6). Our results on surface runoff agree with a
recent study in a neighboring catchment of similar size (60.6 km2), where LópezHernández (2019) examined 159 storm events and found that only 3 to 7% of total
streamflow occurred as quickflow. Moreover, Muñoz-Villers et al. (2016) reported long
mean baseflow transit times (between 1.2 and 2.7 years) in Gavilanes catchment and 11
nested subcatchments (0.1 to 34 km2), suggesting that deep subsurface flow paths, rather
than shallow lateral flow, is the dominant flow path for runoff generation (Muñoz-Villers
and McDonnell, 2012, 2013). These results agree with the high permeability observed at
the soil–bedrock interface (5 to 30 mm h−1).
A structural deficit in SWAT models can explain the contradiction in between the
dominant flow path indicated by the SWAT model results and field observations. In
SWAT, groundwater is divided into a shallow and a deep aquifer. The shallow aquifer
represents an unconfined aquifer that may discharge into the channel. Alternatively, the
deep aquifer is described as a confined aquifer that does not contribute to the streamflow
(Neitsch et al., 2011). This suggests that the SWAT model’s reliance on a single active
groundwater storage compartment is insufficient for describing the fast recession phase
together with the low flow with the same parameter set (Luo et al., 2012, Guse et al.,
2014, Pfannerstill et al., 2014). In this regard, the parameter GWDELAY presents a
tradeoff between both discharge phases. If GWDELAY represents a fast recession with a
short number of days, the model produces a large amount of water available for
contribution to streamflow. On the other end, a longer GWDELAY is required to
represent the slow water release during the long low flow periods (Pfannerstill et al.,
2014). Field results (streamflow) indicated a long recession phase, in turn the model
responded with larger values of GWDELAY (around 400 days) during the calibration. In
such a system, the shallow aquifer releases the water more slowly, and the system
behaves more like a semipermeable layer, providing conditions that inaccurately imply
the dominance of lateral flow (Hu and Li, 2018).
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3.5.2 Relative performance of three PET methods
The finding of minimal influence of evapotranspiration (ET), interception (I), and soil
water storage parameters was surprising (Figure 3-6), since ET accounts for 30-40% of
the rainfall in the headwater catchments where most recharge occurs (Muñoz-Villers et
al., 2012, Muñoz-Villers et al., 2015, Muñoz-Villers et al., 2016). Notwithstanding, these
ET results agree with values of ET (19-50%) reported in other tropical montane
mesoscale catchments (i.e., Crespo et al., 2012, Beck et al., 2013). Alemayehu et al.
(2015) suggested that in terms of the ET simulation, more attention should be given to the
appropriate selection of PET methods because the SWAT model parameters are sensitive
to the choice of the PET estimation method, a result supported by our findings.
The Hargreaves (HA) method produced the best goodness of fit results, including an
average KGE of 0.75, an NSE greater than 0.5, and the minimum average RSR for all
segments of the FDC (Table 3-6). The Priestley-Taylor (PT) method yielded better results
than the Penman Monteith (PM) method. This result was confirmed by a direct
comparison between annual ET predicted by the calibrated SWAT-T models with annual
ET estimated using locally derived data on the ratio of ET to ET0 (Table 3-8). Overall,
ET from the HA method more closely resembled ET values predicted based on local data.
However, the HA method largely overestimated ET in shade coffee located in the lower
elevations (elev. = 1210 m a.s.l.), while it underestimated ET in mature and intermediate
age TMCF located in upper elevations of the TMCF belt (elev. of 2170 m a.s.l.).
TMCF environments exhibit reduced incoming solar radiation from clouds, high
atmospheric humidity, and high presence of fog (Bruijnzeel et al., 2011; Fahey et al.,
2015). In principle, the PT and PM methods explicitly account for the effect of lower
radiation. Moreover, in our study areas suppression of transpiration by fog is minimal
(Alvarado-Barrientos et al., 2014), especially in the lower areas where fog occurrence is
practically absent (only 2% of the time, Holwerda, 2010). Nonetheless, fog is more
frequent (around 32%, Alvarado-Barrientos et al., 2014) in the middle and upper sections
of the cloud forest belt, and it is probable that a higher presence of fog is associated with
higher epiphyte densities that may contribute to higher canopy storage capacities in these
areas (González Martínez and Holwerda, 2018). These high interception capacities may
in turn enhance wet canopy evaporation in forested areas driven by negative (downward)
sensible heat flux rather than sustained by radiant energy alone (Holwerda et al., 2012,
Mizutani et al., 1997). Under these environmental conditions, radiation-based methods
such as PT and PM will significantly underestimate PET in the middle and upper parts of
the cloud forest zone and consequently limit the models' capacity to accommodate
evaporation from the forests. In principle, the aerodynamic term in the PM equation
accounts for sensible heat advection. In SWAT the PM method will underestimate PET in
forests, because it uses the surface resistance of alfalfa (100 s m-1) (Neitsch et al., 2011)
and the surface resistance is zero for a wet canopy. Moreover, this PET method
calculates aerodynamic resistance considering a crop (height of 40 cm) (Neitsch et al.,
2011), which is ~5 times larger than that of forest, contributing to the underestimation of
PET. In the PT method, the aerodynamic term is represented by the PT coefficient (1.28,
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Neitsch et al., 2011). However, Shuttleworth and Calder (1979) show that this is not
sufficient to account for the high evaporation rates from wet forest canopies (i.e. energy
input from sensible heat advection can be several times greater than that from radiation).
Temperature-based methods such as HA generally produce higher PET estimates (Table
3-8). Higher values of PET compensate for the low capacity of the model to
accommodate the evaporation of intercepted rainfall in forests but also lead to
overestimation of transpiration rates in other land covers. It is likely that the PT method
also overestimates forest transpiration. Further, when we select the PT and HA models,
SWAT does not explicitly model the effect of the LAI on transpiration for LAI > 3.0
(Neitsch et al., 2011), as observed by the very similar ET SWAT values obtained for
FRSE, FRSE 2, and PINE when using the HA and PT methods (Table 3-8). This
formulation reduces the effect of vegetation cover on hydrological flows when using
these approaches. In conclusion, although the HA PET method performs better, it is not
for the right reasons, and the use of this approach overestimates ET in areas with lower
interception capacity such as shade coffee and pasture, especially in the lower parts of the
catchment where the presence of fog is less important.
3.5.3 Assessment of the capacity of the SWAT model to simulate
streamflow in four micro-catchments with contrasting land cover
Examining the performance of the SWAT model simulations of streamflow in microcatchments with contrasting land cover is useful, since these results can help to better
understand the strengths and limitations of the model to evaluate the potential effects of
land use change on the streamflow dynamics. The three PET methods studied were
capable of satisfactorily estimating annual runoff coefficients and mean annual high
flows in all land covers, although the best results were obtained for MF and SC (Figure
3-5, Table 3-7). Major discrepancies were observed for the mean annual low flows,
especially in the IF and IP micro-catchments (Table 3-7).
Previous studies in this region suggest that managed land covers such as pasture can
increase the variability of the streamflow response, but that at the daily scale, indicators
such as the mean annual runoff coefficient and the mean annual high flow tend to be
largely determined by elevation and slope (López-Ramírez et al., 2020, Muñoz-Villers et
al., 2013). This phenomenon was captured well by SWAT-T models, where higher runoff
coefficients were observed at higher elevations, as expected (Ramírez et al., 2017; Sáenz
et al., 2014). For slope, SWAT-T predicted higher peak flows in steeper slopes, which is
consistent with the higher mean annual high flows observed in steeper slopes by LópezRamírez et al. (2020) and Muñoz-Villers et al. (2013). Steeper slopes have also been
associated with higher quickflow, and lower time to peak responses (Mu et al., 2015;
Nainar et al., 2018). Overall, the calibrated SWAT-T models produced acceptable Q/P
and mean annual high flows (Q5) predictions (PBIAS < 25) for most of the land covers.
We attribute this result to the dense network of climate stations available (Figure 3-1) and
the use of slope in the definition of HRUs.
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In terms of dry-season baseflow, local studies indicate that both mature and intermediate
TMCF forests exhibit higher mean annual low flows than pastureland and shade coffee
(López-Ramírez et al., 2020, Muñoz-Villers et al., 2013), thus consistent with the
‘‘sponge-effect hypothesis’’ for forests (Bruijnzeel, 2004; Muñoz-Villers and
McDonnell, 2013; Ogden et al., 2013, Muñoz-Villers et al., 2015). Our SWAT-T results,
however, point in the opposite direction, with the model substantially overestimating
mean annual low flow in the IP micro-catchment for all PET methods (PBIAS > 400, see
Table 3-7), and underestimating mean annual low flow for all the PET methods in the
mature and intermediate age TMCF micro-catchments (Table 3-7). This finding has
serious implications when using hydrological models to analyze the effects of land use
changes (e.g., deforestation, reforestation, and natural regeneration) on water budgets.
3.5.4 Potential limitations of this approach.
In our global sensitivity analysis, we did not consider the impact of model setup (number
of subbasins and HRUs). However, our study addresses the uncertainty associated with
model parameterizations, allowing the visualization of the effects of non-unique
parameter sets. Many authors recognize that the impact of this factor is generally more
significant than model setup by several orders of magnitude (Schürz et al., 2019, Jha et
al., 2004). The selection of HRUs considers a land cover threshold of 5% given the
significant computation time required to run this analysis. This threshold was used to
reduce the computational costs without significantly compromising the simulation
accuracy. However, we recognize that this practice reduces the effects of small land
covers at the outlet (Schürz et al., 2019). Finally, we were not able to completely isolate
the response of unique HRUs because the four studied micro-catchments were not
entirely covered by a unique land use and slope class. These heterogeneities may have
influenced our results.

3.6 Conclusions
SWAT-T was capable of accurately mimicking the annual vegetation growth in zones of
TMCF in central Veracruz, Mexico. Moreover, SWAT-T was capable of accurately
simulating streamflow at the main outlet and predicting a low influence of surface runoff.
However, the model incorrectly predicted the dominance of lateral flow, instead of the
deep groundwater flow observed by isotope-based studies. Our results thus support the
hypothesis that the single active aquifer formulation of SWAT is unable to adequately
reproduce the complex response in groundwater dominated catchments.
The HA method for PET produced the best goodness-of fit-results, followed by PT, and
PM. The PT and PM PET methods underestimated forest evaporation in the wet
conditions of the TMCF zone of central Veracruz. Temperature-based PET methods such
as the HA method perform better in these areas, but not for the right reasons since the use
of these approaches overestimates ET rates in areas with lower interception capacity (i.e.
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non-forested). Incorporation of simpler and more widely accepted interception models
such as Liu model (Liu, 2001) may improve results for the right reasons.
SWAT-T satisfactorily reproduced the Q/P and mean annual high flows in contrasting
land covers (MF, IF, SC, IP). However, the model consistently overestimated the mean
annual low flow in the IP micro-catchment and underestimated it in the MF and IF microcatchments. This result suggests that the use of the SWAT-T models in TMCF areas with
low influence of surface runoff is not recommended for conducting land-use change
analysis, especially when interested in hydrological services such as baseflow sustenance.
Overall, structural improvements informed by field data are required to better understand
and model the effects of land-use change on hydrology in SWAT-T. Special attention
should be given to the use of more reliable groundwater data during the development and
calibration of hydrology models.
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4 Using the InVEST-SWY model to evaluate the
potential hydrologic impacts of land conversion in
two tropical montane cloud forest watersheds
4.1 Abstract
Hydrological services modeling is becoming increasingly popular to guide conservation
policy. Moreover, deforestation rates are higher in the tropics, while most modeling tools
were developed in temperate zones under site-specific assumptions. Work testing the
performance of hydrological models used worldwide is key to increase model credibility
and improve the model accuracy. Using streamflow data from two catchments influenced
by tropical montane cloud forest in central Veracruz, Mexico, this work assesses the
strengths and weaknesses of the Seasonal Water Yield model as part of the Integrated
Valuation of Ecosystem Services and Tradeoffs framework (InVEST-SWY) to represent
the water budget at annual and monthly scale. The sensitivity of simulated streamflow to
changes in the routing parameters, and land use was evaluated. Rainfall interception was
incorporated in forests at two altitudinal elevation bands using locally calibrated
interception models and daily rainfall. It was found that the model is useful for quick
assessments of catchment water budgets at annual scale. However, the interannual
baseflow dynamics were not accurately represented; baseflow was underestimated during
the dry season. Moreover, the model predicted a significant increase of baseflow as a
result of land use intensification. This finding contradicted results from local monitoring
studies that reported a decrease in the dry season baseflow in managed land covers.
Future directions to improve the applicability of this model are suggested.

4.2 Introduction
Forests provide valuable contributions to people but continue to be threatened by land use
change. However, the evaluation of the cobenefits in conservation is still a nascent
practice (Börner et al., 2020). Payments for watershed services or payments for
hydrological services (PHS) programs (Bösch et al., 2018) typically target upstream
forest conservation as a proxy to the downstream provision of hydrological services (HS)
such as water quantity (dry-season flows, aquifer recharge, flood protection) (Brouwer et
al., 2011). However, inadequate targeting of areas with higher priority and the lack of
hydrological modeling and monitoring of the effects of PHS on the hydrology
(conditionality) constitute two key obstacles that may considerably hamper watershed
management programs success (Wunder et al., 2020, Mokondoko et al., 2018). Moreover,
local monitoring efforts are often disconnected from modeling, and modeling efforts are
commonly guided by oversimplified assumptions which affects its credibility and impact
(Bremer et al., 2020)
The central Veracruz area is one of the pioneers adopting PHS programs. This program
started in 2003 as part of the National PHS program adopted by Mexico. Several studies
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have shed light regarding the hydrologic functioning of contrasting land covers in these
areas: including measurements of rainfall interception (i.e., Holwerda et al., 2010,
Holwerda et al., 2013, González Martínez and Holwerda, 2018), monitoring of headwater
catchments (Muñoz Villers et al., 2013, López Ramírez(a) et al., 2020), etc. However,
most local hydrological modeling efforts have relied on secondary datasets (i.e.,
Mokondo et al., 2018). Further, most studies evaluating the targeting and economic
efficiency of PHS programs in these areas have linked changes in forest cover to fieldcalibrated measures of water regulation (i.e., Mayer et al., 2020, Jones et al., 2020, Berry
et al., 2020), overlooking the interactions with position related factors such as elevation
and rainfall distribution. It is an unresolved issue if the location of areas with maximum
hydrologic services is determined by the topographic, edaphic, climatic, and geologic
characteristics that promote recharge, rather than influenced by functions associated with
the protection of forests (Asbjornsen et al., 2017).
Targeting areas of greater risk of deforestation is often used as a surrogate for opportunity
cost, this criterion aims to increase program additionality (Alix-Garcia et al., 2014).
However, the benefits of paying for outcomes in terms of ES provision (i.e., additional
cubic meters of dry season baseflow) rather than proxies of ES provision (i.e., forest
cover maintained) are higher (Börner et al., 2017). Moreover, paying for outcomes may
also decrease the risk of moral hazard (non-compliance among program participants). In
most existing PHS programs, compliance is based on land-use proxies, because
measuring ES provision and monitoring may be more costly than measuring actions (e.g.,
measuring forest conservation). In this regard, the use of hydrological models represents
a more efficient way to manage and assess PHS schemes (Quintero et al., 2009, Bremer
et al., 2020). A range of GIS-based tools have been used to map HS and facilitate the
analysis of their magnitude (Mokondo et al., 2018). The Seasonal Water Yield model as
part of the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST-SWY)
framework has been increasingly used and enhanced to allow simulations of how land
use/land cover (LULC) might contribute to HS provisioning (i.e., Sahle et al., 2019,
Hamel et al., 2020). However, its application has been focused on the use of coarse
datasets and few studies have validated the InVEST-SWY model with ground data. More
research is needed to better understand the model’s capacity to capture the dominant
hydrological processes in tropical montane areas influenced by TMCF.
Studies of additionality of PHS programs have typically been limited to historical
conversions and, thus, do not account for future changes in drivers of land-use conversion
(Börner et al., 2017). Policy design scenarios provide a platform to explore the potential
of improving ecosystem services outcomes by introducing and refining conservation
programs (e.g., Tabor et al., 2018; Hewson et al., 2019). More research comparing
targeting PHS to areas with maximum hydrological services versus targeting for proxies
such as risk of deforestation is needed.
The goal of this paper is to model future ecosystem services outcomes in PHS programs
in watersheds in Veracruz, Mexico. The primary advance of this work is the evaluation of
targeting strategies by combining (a) a calibrated InVEST-SWY model (integrating
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results from local monitoring across different scales in forested and managed land covers)
with (b) a land change model (LCM) that simulates future land cover patterns in response
to PHS program coverage and targeting strategies. To the best of our knowledge this is
the first study to model rainfall interception in SWY using locally derived parameters for
two elevation bands of TMCF forests. Moreover, this study reviews the InVEST-SWY
strengths and weaknesses to represent monthly baseflow dynamics.
The specific research questions addressed are:
What are the strengths and weaknesses of the InVEST-SWY model to simulate
the effects of land-use changes in TMCF environments?
How effective is the current PHS targeting areas of higher baseflow contribution?
What are the effects of future land use and PHS targeting scenarios on baseflow
and quick flow?

4.3 Methods
4.3.1 Study site
The Gavilanes catchment (Figure 4-1) (area = 4,132 ha) is the main source of water for
the city of Coatepec, Veracruz, Mexico (García et al., 2004). Elevations in the catchment
range from 1,180 to 2,960 m above sea level (m a.s.l.). The Pixquiac catchment (Figure
4-1) (area = 10,613 ha) provides 38% of the water supply for the Veracruz state capital of
Xalapa (Paré and Gerez, 2012). Elevations range from 1,040 to 3,740 m a.s.l. in the
Pixquiac catchment. The two catchments comprise part of the Antigua River basin (area
= 1,565 km2). The general climate is temperate humid (García, 1988) with about 80% of
the annual rainfall occurring during the wet season (May - October), followed by a
prolonged dry season (November - April). Maximum groundwater recharge and runoff
also occurs during the wet season (Muñoz-Villers and McDonnell, 2013). Mean annual
rainfall ranges from 1,120 mm to 3,185 mm. Mean daily temperatures ranges from 19° to
5°C (Holwerda et al., 2013; Muñoz-Villers et al., 2012).
The Payments for Hydrological Services program, managed by the National Forest
Commission (CONAFOR), began operating in the catchments in 2003 and today covers
27% of the area of the studied catchments. Most parcels receiving payments in the
watersheds are now operated by nongovernmental organizations in concert with the two
cities of Coatepec and Xalapa (Nava-López et al., 2018; Von Thaden et al., 2019).
The soils in these areas are mainly classified as Umbric Andosols derived from volcanic
ash, with clay and silty clay as dominant textures (Campos, 2010; Paré and Gerez, 2012).
Soil profiles are generally deep (A + B horizons > 1 m and C + Cr horizons > 10 m on
ridges and backslopes) and moderately well developed (Karlsen, 2010), favoring good
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water storage. The soils in the region have high permeabilities ranging from 0.05 to 0.08
mm hr−1 (Karlsen, 2010; Muñoz-Villers and McDonnell, 2012).

Figure 4-1: General location (a), the study area, including the Gavilanes and Pixquiac
catchments (b). Figure distinguishes two cloud forest (CF) elevation bands and two ages
of forest.
4.3.2 The InVEST-SWY model
The InVEST-SWY model provides a spatial estimation of baseflow production in a
catchment. The model also provides monthly estimates of surface runoff. This model
offers sensitivity to land use and explicit representation of routing. The model relies on
basic principles of water partitioning (precipitation, runoff and evapotranspiration) and
routing (upgradient water becoming available to downgradient parcels). A full model
description can be found in the user's guide (Sharp et al., 2020). Four main computational
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steps can be identified. First, the model calculates the monthly quickflow (QF) on each
pixel based on a modification of the NRCS curve number approach based on monthly
precipitation and the number of rainfall events per month (Guswa et al., 2018). Next, the
model partitions the monthly available water between local recharge and
evapotranspiration. On a given pixel, partitioning is governed by upgradient recharge,
and three parameters, α, β, and γ, which control the availability of subsurface water for
evapotranspiration (Hamel et al., 2020).
Monthly evapotranspiration is computed as follows being either limited by the demand
(potential evapotranspiration - PET) or by the available water.
AETi,m =min(PETi,m; Pi,m−QFi,m+αmβiLsum.avail,i)………….[1]
Where PETi,m is the monthly potential evapotranspiration and is computed using a
monthly crop factor for the pixel’s LULC (Kc,i,m) and the monthly reference
evapotranspiration (ET0,i,m). Lsum.avail,i is the sum of upgradient subsurface water that
is potentially available at pixel i, α and β represent the fraction of annual recharge from
upslope pixels that is available to a downslope pixel for evapotranspiration in a given
month. α is a function of precipitation seasonality: recharge from a given month can be
used by downslope areas during later months, depending on the subsurface travel times.
In the default parameterization, α is set to 1/12.
β reduces the available water based on local topography, geology and position (0-1), (i.e.,
the recharge from the pixel just above the pixel of interest is less likely to be lost than the
pixels much further away). γ is the fraction of pixel recharge that is available to
downslope pixels (default is 1).
Thirdly, the model computes local recharge (L, equation 2), which represents the
potential contribution to baseflow.
Li = Pi − QFi − AETi……………….[2]
where Pi is annual precipitation, QFi is the annual quickflow, and AETi is the annual
actual evapotranspiration.
Finally, the model estimates the baseflow index (B) which represents the actual
contribution of a pixel to baseflow (i.e. water that reaches the stream). If the local
recharge is negative, then the pixel did not contribute to baseflow so B is set to zero. If
the pixel contributed to groundwater recharge, then B is a function of the amount of flow
leaving the pixel and of the relative contribution to recharge of this pixel.
4.3.3 Data for the InVEST-SWY model evaluation
We used a two-year streamflow series from the Gavilanes catchment streamflow gauge
(5/2/2015 - 4/30/2017) and from Pixquiac catchment (9/17/2015 - 10/31/2017), see
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Figure 4-1. Water levels were measured every 10 min using water level sensors paired
with barometric pressure recorders. Recorded levels were converted to streamflow (L s-1)
using experimental stage-discharge relationships based on rating curves derived from salt
dilution measurements of discharge (Moore, 2005). The streamflow data were resampled
(mean) to monthly timesteps (Figure 4-7).
4.3.4 Model set up and data preparation
The list of hydroclimatological and spatial data used to set up the InVEST-SWY model is
presented in Table 4-1. Maximum and minimum monthly temperature and daily
precipitation data were compiled from ten weather stations: four corresponding to the
Mexican National Weather Service (SMN, 2020), three from López-Ramírez et. al.
(2020), and three operated by the National Autonomous University of Mexico (UNAM).
Monthly average relative humidity, solar radiation, and wind speed were available only
for the UNAM and López-Ramírez (2020) stations, which were assigned to the rest of the
weather stations, considering the similarity in terms of elevation and the shortest distance.
We calculated the reference evapotranspiration (ET0) following FAO guidelines (Allen et
al., 1998) and using the available meteorological data (Table 4-1).
Table 4-1: Input data for the InVEST-SWY model setup, the data sources, and data
processing steps.
Input dataset

Source

Data preparation

Topography

INEGI (2012)

Digital Elevation Model for Mexico
in 15 m resolution.

Land use

Von Thaden et al. (2019)

Supervised classification of Landsat
imagery from the dry season (> 500
ground-based land cover reference
data)

Soil data

López-Ramirez (b) et al.
(2020)

Soil groups developed from (INEGI,
2007) and pooling soil hydraulic
conductivity data collected in more
than 100 sites.

Climate

SMN, (2020), LópezRamírez (a) et.al., (2020),
and UNAM

Monthly min and max temperature
and precipitation, average of solar
radiation, wind speed, and relative
humidity.

Discharge main
outlets

Lyssette E. Muñoz-Villers
(Unpublished
data)(05/2015- 10/ 2017)

10 min discharge, resampled (mean)
to daily.
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Input dataset

Crop coefficients,
Kc

Source

Data preparation

Transpiration + Rainfall
Interception

Transpiration values from Muñozvillers et al., 2015. Rainfall
interception from the Liu Model
(Liu, 2001), parameters reported in
the literature (Holwerda et al., 2010,
Holwerda et al., 2013, González
Martínez and Holwerda, 2018)

Rainfall interception in forested land covers
Variation among rainfall interception among different types of TMCF usually reveal
large differences (González-Martínez and Holwerda, 2018). In the study area, researchers
have consistently studied rainfall interception by comparing rainfall with net rainfall, the
latter being the sum of throughfall and stemflow, and measuring meteorological variables
to optimizing the parameters for the widely accepted interception model (Liu, 2001). We
used the reported optimal interception parameters in combination with observed daily
rainfall, under the assumption that the canopy dries every day, to estimate monthly values
of interception for forested land covers (equation 3).
𝑘𝑘

𝐸𝐸

𝐸𝐸

𝐼𝐼 = 𝐶𝐶𝑚𝑚 �1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝐶𝐶 𝑃𝑃�� �1 − 𝑘𝑘𝑅𝑅� + 𝑅𝑅 𝑃𝑃………….[3]
𝑚𝑚

where 𝐼𝐼 is the daily modelled interception loss (mm), Cm is the canopy storage capacity
(mm), 𝑘𝑘 is the canopy cover fraction (adimensional), 𝐸𝐸 is the mean evaporation from the
wet canopy (mm hr−1), and 𝑅𝑅 is the mean rainfall intensity (mm hr−1). We used the annual
parameters reported in the literature (Holwerda et al., 2010, Holwerda et al., 2013,
González Martínez and Holwerda, 2018). Results from the model are reported in Figure
4-2.
To incorporate the effects of land cover on the model we added the monthly transpiration
(Et) plus the interception loss (I) for forests. For each month we used the annual values
reported of the ratio of transpiration (Et) by the reference evapotranspiration (ET0)
(Et/ET0) of 0.92 for mature and intermediate forests (Muñoz-Villers et al., 2015). Then
we added the estimated monthly I divided by the monthly ET0 (Figure 4-3).
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Figure 4-2: Fitted Liu rainfall interception model, relationship between incident rainfall
and interception loss for all data including only events with P < 30 mm. See text for
further explanation.

Figure 4-3: Monthly ratio of interception loss (I) and reference evapotranspiration (ET0).
Used to parameterize the InVEST-SWY model.
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4.3.5 Monthly baseflow
The InVEST-SWY model was developed and validated against annual baseflow and does
not produce monthly baseflow outputs, instead, it aggregates it annually (Sharp et al.,
2020). We disaggregated the monthly baseflow from the annual one by running the model
with all the monthly inputs set to a specific month and then dividing the produced baseflow
by 12, this procedure was repeated for all months. This approach mimics the current annual
aggregation method and produces the same results as if the model had the capacity to
disaggregate monthly baseflow results (Personal communication with NatCap Software
support team).
4.3.6 Sensitivity analyses and model calibration
To better understand the effect of the availability parameters (α and β), we conducted
one-at-a-time sensitivity analysis. First, with the default value for α (1/12), we varied β
from 0 to 1 by increments of 0.2. A value of 0 for β means that there is no upslope
contribution, while a value of 1 means that the entire contribution from upslope pixels is
available for evapotranspiration downgradient (Hamel et al., 2020). To assess the effect
of α, we repeated the above analysis for values of α equal to 0, 1/12, 2/12, 3/12, up to
6/12 (for all pixels). A value of α = 0 means that local recharge from upgradient is not
available for evapo-transpiration locally, representing the same case as β = 0. A value of
6/12 for α means that one half (0.5) of the annual recharge, i.e. the equivalent of six
average months, is potentially available downstream on a given month. This might occur
in a watershed with slow release of recharged water.
4.3.7 Effectiveness of PHS at targeting zones with higher baseflow
contribution
To explore the spatial relationship between areas with higher baseflow contribution and
PHS payments in our study areas, we used the annual baseflow map produced by the
InVEST-SWY model. Levels of simulated baseflow were divided into five equally
distributed categories (very low, low, medium, high, and very high) and were overlapped
with areas in the Pixquiac and Gavilanes watersheds that are receiving PHS.
4.3.8 Scenarios
A business as usual (BAU) scenario, two pessimistic scenarios, and three alternative PHS
targeting scenarios were previously developed (Mayer et al., 2020, in review). The BAU
scenario projects land cover to 2027 based on historical land cover transitions and the
current coverage (~30%) of PHS in the watersheds. The pessimistic scenarios include a
no PHS scenario (“No PHS”) and a doubling of deforestation rates (“Double Defor”).
The “No PHS” scenario approximates what future land cover would look like if the
conservation policy were to end. Land cover transitions on forests outside of PHS were
used to approximate future changes with no conservation policy in areas receiving PHS.
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The second pessimistic scenario illustrates outcomes under increasing pressures to forests
outside of conservation protection (Figure 4-4).

Figure 4-4: Land cover maps and PHS coverage (bold lines) for the study catchments for
(a) 2013 base year, (b) 2027 business as usual (BAU) scenario prediction, (c) No PHS
program scenario prediction, and (d) 2027 double deforestation risk. Bar charts indicate
the area of land cover for the base year or future scenario (Mayer et al., 2020).
The three PHS design scenarios double the current land area under PHS by applying
alternative targeting schemes. The first scenario increases the payment area by selecting
land areas likely to participate based on the characteristics of the lands currently enrolled,
“Current” targeting strategy (See Mayer et al., 2020, Jones et al., 2019, Jones et al.,
2020). The second PHS scenario increases the conservation area by selecting new areas
according to the highest deforestation rates (“Defor risk” targeting strategy). A
deforestation risk map was generated based on deforestation trends for all forested classes
combined in the study region from 1993 to 2013 (Von Thaden et al., 2019). The third
future PHS scenario increases the conservation area by targeting new areas with the
highest groundwater recharge rates (“Hydro” targeting strategy). A hydrologic model was
developed with the SWAT software platform (Arnold et al., 2012) and calibrated using
two stream gauges at the two watershed outlets (Shinbrot et al., 2020). Output from the
SWAT model was used to map average annual groundwater recharge rates over the study
area and subsequently select land parcels in order to maximize the overall groundwater
recharge rate (Figure 4-5).
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Figure 4-5: Land cover maps for the study watersheds for (a) 2027 Business as usual, (b)
2027 Current targeting, (c) 2027 Defor risk targeting, and (d) 2027 hydro targeting. Bar
charts indicate the area of land cover for the future scenario (Mayer et al., 2020).

4.4 Results
4.4.1 Sensitivity analysis to routing parameters
The sensitivity analysis highlighted similar roles of the flow routing parameters α and β.
In all cases, the values of α and β indicate a minimum potential for more recharge to be
removed by evapotranspiration. Thus, there is a reduced chance to decrease baseflow.
Both parameters showed that modeled values of baseflow were similarly sensitive to α
and β, only a slight decrease from 1380 to 1320 mm was obtained when either of the
parameters are modified to increase evapotranspiration.

Figure 4-6: One-at-a-time sensitivity analysis of the InVEST-SWY model baseflow, B, to
α (right) and β (left) parameters.
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4.4.2 Comparison with observed data
The comparison with observed monthly streamflow data in the Gavilanes (Figure 4-7a,
Table 4-2) and Pixquiac (Figure 4-7b, Table 4-2) showed consistent results. The observed
annual runoff is 1356 mm/yr for Gavilanes, and 1283 mm/yr for Pixquiac (adding
reported water extractions). InVEST-SWY predicted the average annual streamflow well.
However, the model overestimated streamflow for Gavilanes and underestimated it for
Pixquiac. The largest discrepancy was observed in the monthly values. In the two
catchments the model overestimated streamflow in the wet season and largely
underestimated it during the dry season. Partitioning between quickflow and baseflow
showed that quickflow plays a less important role in these areas. This process is well
represented by the InVEST-SWY model as explained in the discussion chapter.

Figure 4-7: Comparison between InVEST-SWY model predictions and monthly
observations at two stream gauges a) Gavilanes, b) Pixquiac. Hydrographs represent
modeled quickflow and baseflow.
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Table 4-2: Monthly observed and simulated discharge at the two streamflow gauges. All
units in mm.
Sim.
Sim.
Sim.
Observed
Catchment
Month
Rainfall
total
quickflow baseflow
total flow
flow
Jan
63.5
2.2
12.9
15.1
72.4
Feb
43.6
1.6
0.0
1.6
53.1
Mar
151.0
5.3
65.1
70.4
59.9
Apr
101.8
3.6
4.4
7.9
45.5
May
167.2
5.9
39.4
45.4
83.2
Jun
379.3
13.3
253.7
267.0
144.4
Gavilanes
Jul
234.5
8.0
98.4
106.4
135.7
Aug
429.9
15.0
293.8
308.8
162.3
Sep
445.5
15.7
346.2
361.9
193.8
Oct
204.8
7.3
122.9
130.1
169.5
Nov
126.7
4.5
70.3
74.8
145.8
Dec
63.9
2.2
12.0
14.2
90.8
Annual
2,411.8
84.6
1,319.1
1,403.7
1,356.4
Jan
54.0
1.8
7.4
9.1
98.9
Feb
33.9
1.1
0.0
1.1
79.6
Mar
138.0
4.7
57.8
62.5
90.6
Apr
92.0
3.2
3.3
6.5
81.1
May
148.7
5.0
29.6
34.7
78.6
Jun
342.0
11.7
221.7
233.4
107.6
Pixquiac
Jul
201.7
6.5
66.4
72.9
114.1
Aug
343.9
11.1
212.2
223.4
147.8
Sep
360.1
11.9
262.2
274.1
141.0
Oct
156.9
5.1
76.0
81.1
124.1
Nov
107.6
3.6
53.8
57.4
114.2
Dec
52.5
1.7
5.0
6.7
105.6
Annual
2,031.1
67.4
995.5
1,063.0
1,283.2
4.4.3 Current PHS targeting efficiency
Areas of high to very high baseflow contribution generally occurred in the middle and
upper zones of the Los Gavilanes and the south-west part of the Pixquiac catchment
(Figure 4-8). In both catchments the PHS payments cover more areas of high and very
high importance for baseflow (Figure 4-9). The proportion of PHS polygons receiving
payments located in areas of high, and very high water recharge was greater in the
Gavilanes (61%) versus Pixquiac catchment (50%).
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Figure 4-8: Map comparing areas of different levels of recharge with those receiving
payments for hydrologic services (PHS) during the period 2003–2020 in the Pixquiac and
Gavilanes watersheds.

Figure 4-9: Comparison of the proportion of zones with different levels of recharge
within the Gavilanes and Pixquiac catchments versus the coverage of land parcels
receiving payments for hydrologic services (PHS) during the period 2003–2020.
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4.4.4 Effect of scenarios in baseflow
Table 4-3 and Figure 4-10 show the effects of various scenarios on quickflow and
baseflow contribution. In general, a moderate decrease in the total flow is expected as a
result of the conservation of PHS. Although the annual changes are very mild for both
catchments. This response is primarily controlled by baseflow (Table 4-2). In this regard,
the pasture scenario; an extreme hypothetical case, where pasture would entirely cover
the study area, offered the highest baseflow contribution. These results are not realistic in
the light of the finding from the monitored micro-catchments discussed in chapter 2 and
will be further analyzed in the discussion section.
Table 4-3: Effects of different land use scenarios on the quickflow and baseflow in the
Gavilanes and Pixquiac watersheds.
Total
Baseflow Quickflow
Catchment Description
Forest Managed
flow
(mm)
(mm)
(mm)
2013
71.3%
29%
1,271.5
86.4 1,358.0
BAU
59.0%
41%
1,276.7
86.6 1,363.4
No PES
51.2%
49%
1,292.8
86.6 1,379.4
Deforestation
40.8%
59%
1,294.4
86.8 1,381.2
Current
59.4%
41%
1,279.0
86.5 1,365.5
Gavilanes
Def. risk
65.8%
34%
1,274.4
86.5 1,360.9
Hydro targeting
60.7%
39%
1,274.6
86.5 1,361.2
Holistic
67.1%
33%
1,263.3
86.1 1,349.4
Pasture
0.0%
100
1,414.0
87.6 1,501.6
Forest
100.0%
0
1,213.3
84.1 1,297.4
2013
73%
26%
924.3
68.3
992.6
BAU
63%
37%
938.1
68.4 1,006.5
No PES
61%
39%
956.8
68.5 1,025.3
Deforestation
52%
48%
946.1
68.7 1,014.7
Current
68%
32%
937.0
68.4 1,005.3
Pixquiac
Def. risk
70%
30%
930.3
68.3
998.6
Hydro targeting
68%
32%
936.1
68.4 1,004.5
Holistic
76%
24%
922.8
68.3
991.1
Pasture
0%
100%
1,041.9
69.1 1,111.0
Forest
100%
0%
858.1
67.2
925.3
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Figure 4-10: Comparison of the effects of changes of forest cover in total flow.

4.5 Discussion
What are the strengths and weaknesses of the InVEST-SWY model to simulate the
effects of land-use changes in TMCF environments?
The model showed very low sensitivity to routing parameters (Figure 4-6). These results
are expected as the uncertainty about flow routing will decrease in wetter regions, when
water deficit for evapotranspiration is low (Hamel et al., 2020). Our results confirm this
hypothesis. In this regard, careful attention should be given to the climate and vegetation
parameter inputs (Wang et al., 2018).
The model accurately predicted low influence of quickflow (≈ 6% of total streamflow)
for both catchments and the dominance of baseflow (≈ 94% of total streamflow) (Table
4-2). These results agree with a recent study in the Pixquiac Catchment, where LópezHernández (2019) examined 159 storm events and indicated that only 3 to 7% of total
streamflow occurred as quickflow. The dominance of baseflow predicted by the model is
also realistic, as reported by long mean baseflow transit times (between 1.2 and 2.7 years)
estimated in Gavilanes catchment and 11 nested subcatchments (Muñoz-Villers et al.,
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2016), suggesting that baseflow is the dominant flow path for runoff generation (MuñozVillers and McDonnell, 2012, 2013).
The model yields realistic annual estimates of baseflow and quickflow. However, it
exhibited a poor interannual performance (monthly). Results from the one-at-a-time
sensitivity analysis indicate that the current routing algorithm is incapable of accounting
for the groundwater response in our study area, where deep and well-developed soils play
a significant role to infiltrate and store water. Improvements regarding the routing
algorithm are required to enhance the applicability of this model in ground water
dominated regions and to increase the model interannual performance (Figure 4-7).
How effective is the current PHS targeting areas of higher baseflow contribution?
Our results agree with the findings reported by Asbjornsen et al. (2017), such that areas
receiving PHS payments are located in zones with high and very high relevance for
baseflow contribution (Figure 4-8 and Figure 4-9). Indicating that the current PHS
targeting is very effective in these environments. Moreover, our results divided the cloud
forest belt in two elevation bands to account for altitudinal gradients in rainfall
interception reported by González‐Martínez and Holwerda (2018). The incorporation of
these findings indicated that the highest evapotranspiration rates associated with forests
took place in the upper cloud forest zone, where the highest rainfall takes place. These
results indicated that these cloud forests promote the catchments capacity to modulate
extreme rainfall events.
What are the effects of future land use and PHS targeting scenarios on baseflow and
quick flow?
Overall, conservation policy has a very low impact on water quantity. For both
catchments the InVEST-SWY model predicted a slight decrease in total streamflow
(Table 4-3, Figure 4-10). Further, the model was unable to mimic the effects of forest
conservation on dry-season baseflow. InVEST-SWY exhibited a poor performance at
interannual scale and needs improvements to incorporate the water storage capacity of the
soils. This limitation constrains the model’s capacity to assist the evaluation of land use
scenarios. i.e., the hypothetical scenario, where pasture would entirely cover the
catchments produced the highest baseflow contribution. While this trend is somewhat
realistic due to the increase in transpiration and evaporation observed in forests (MuñozVillers et al., 2015), it does not represent the critical drought conditions in the study area.
Results from monitoring presented in Chapter 2 indicated that pastures exhibited a
significant reduction on the mean annual low flow conditions (Q95), this result agrees
with previous finding reported by Muñoz-Villers et al. (2013) in a pasture dominated
micro-catchment located at a higher elevation. This result supports the hypothesis that the
sustenance of dry season baseflow in extreme drought conditions is related with the
interaction between recharge and slow movement across long and deep pathways as
suggested by Muñoz-Villers et al. (2016). Thus, future efforts in the calibration and
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development better routing algorithms in the InVEST-SWY model should consider
reliable groundwater dataset under contrasting land covers.

4.6 Conclusions
InVEST-SWY model presents the advantage of being parsimonious. Moreover, this
model is able to integrate local evapotranspiration knowledge, such as locally derived
crop coefficients in forested areas. Our results indicate that the model structure is useful
for quick assessments of catchment water budgets. However, the model exhibits
limitations to assist the analysis of land-use change scenarios, specially to capture
interannual baseflow dynamics and the baseflow response in micro-catchments with
contrasting land covers. More research is needed to improve the model routing algorithm
using detailed streamflow datasets from a small catchment with dominant land covers.
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5 Final conclusions and recommendations
The conversion of forest degrades the soil´s capacity to store and infiltrate rainfall. Our
work showed that managed land covers such as pasture and shade coffee decreased the
soil´s hydraulic conductivity and increased the soil’s bulk density. On the other hand, it
was shown that 20 years of forest regeneration largely restores these soil properties.
Monitoring of high temporal resolution of rainfall and runoff at micro-catchments (areas
< 0.5 km2) with dominant land covers, made clear that the degradation of their soil
properties, due to intensive management, reduced their hydrological services. For
instance, the micro-catchment covered by intensive pasture exhibited a significant
reduction in its capacity to modulate peak flows and sustain dry season baseflow.
Structural improvements informed by field data are required to better understand and
model the effects of land-use change on hydrology in SWAT. Special attention should be
given to improve rainfall interception modeling in forests. In some forests, such as the
studied mature cloud forest, evaporation may exceed transpiration. Failure to capture this
process forced the model to overestimate transpiration in areas with lower rainfall
interception, providing the right answers for the wrong reasons. We suggest the
incorporation of simpler and widely accepted interception models such as Liu model (Liu
2001) that may improve results for the right reasons.
The InVEST-SWY model had the advantage of being parsimonious and useful to
integrate local knowledge in terms of the high evapotranspiration rates in forests. Further,
this model proved useful to provide a quick assessment of the catchment water budget at
annual scale. However, the model was unable to capture the interannual baseflow
dynamics, especially during the dry season.
The complex model (SWAT) and the parsimonious model (InVEST-SWY) exhibited
deficiencies in their baseflow routing algorithms and failed to capture the baseflow
dynamics in small catchments with contrasting land covers. More research is needed to
enhance our modeling capacity to conduct land use scenario analysis. Promising research
directions in the modeling of land use change need model calibration and development
using streamflow datasets from small catchments dominated with contrasting land covers.
Moreover, the development of hydrological models in catchments with deep soils that
have high infiltration and storage capacities needs to take advantage of novel
experimental methods to better understand the flow pathways and the factors controlling
the ground water response. The use of isotope-based studies and high temporal resolution
monitoring of streamflow offers a promising avenue in this regard.
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